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Summary  
Numerous studies are documenting a global decrease in insect diversity and 
abundance, and the public is becoming more and more aware of the need to better protect 
biodiversity. Especially bees are now at the center of attention, as they have been promoted as 
a key taxon in conservation campaigns, citizen petitions, and efforts to modify nature 
protection laws. Reasons for the biodiversity loss are manifold, with habitat destruction and 
fragmentation as well as agricultural intensification being major factors. However, causation 
and interaction among factors are hard to disentangle, and effect sizes depend on the system 
one observes. This dissertation, which comprises ten chapters, deals with changes in Munich´s 
wild bee populations as a study system in which to address insect diversity changes in an 
urban context. Specifically, I investigated the factors influencing wild bees (not the 
domesticated honey bee) in different city biotopes. For comparison, I also studied German-
wide correlations between bee extinction risks, their habitats, and various intrinsic and 
extrinsic traits. By comparing present (2017-2019) Munich species spectra with spectra from 
twenty years ago as well as by using Red List Data back to 40 years ago, I investigated how 
bee faunas have changed over time and which factors best explain the changes. 
In 2017 and 2018, I monitored bees at three protected sites of 150 and 20 ha and on 
nine 1000 m
2
-large flower strips within the city perimeter, compiled live-history parameters 
and habitat niche preferences of all species recorded in Munich since 1795, and analyzed 
correlations among these parameters and the persistence of species at the three sites for which 
data from 20 years ago were available. I also used Red List Data for all of Germany’s bees to 
assess German-wide correlations of five life-history and three habitat niche parameters with 
bee persistence. To assess the included factors´ predictive power, I used known extinctions of 
the past 40 years. The results show that late-season emergence and restricted habitat use 
strongly increase extinction risk, using Hierarchical Bayesian models that allowed me to 
analyze all factors simultaneously while including a phylogeny for most of Germany’s bees 
(chapter 2).  
I then tested these German-wide ‘extinction predictors’ in the city of Munich by 
comparing species spectra from the 1990ies with my own from the Munich Botanical Garden 
(20 ha, chapter 3 and 4), the Allacher Lohe (150 ha, chapter 4) and the Virginia Depot (20 ha, 
chapter 4). I found an increase not only in species numbers at two of these sites but also of 
warm-loving species, most likely linked to shorter winters and warmer springs and summers 
compared to 20 years ago. The climate change benefits thermophilic species, which have been 
spreading in southern Germany since the 2000s. Moreover, opposed to the German-wide 
trend, late-flying bees persist well in urban protected habitats probably due to the more 
constant availability of flowers in cities compared to agricultural landscapes. 
As bees need suitably-spaced foraging resources and nesting sites, effective 
conservation requires data on how far these resources can be apart while still supporting 
healthy bee populations. Of 436 Central European species, 92% are only 4.5 to 13.5 mm long, 
yet few data are available for flight distances in small bees. Using apiarist’s tags and color 
codes, and a citizen science approach, I individually marked 2689 males and females of four 
oligolectic and two polylectic species of Osmiini with body lengths of 6 to 15 mm and long-
term stable populations at my botanical garden study site and then monitored their foraging 
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distances. Based on 1045 re-sightings, mean female flight distances ranged from 73 to 121 m 
and male distances from 59 to 100 m, with maximal distances being up to seven times larger. 
Based on these results, 150 m would appear to be a good rule-of-thumb for planning the 
locations of conservation measures, such as flower strips (chapter 5). Prior to my work, flower 
strips had been mainly studied in an agricultural context, and I therefore decided to study their 
effectiveness in Munich, using eight 1000 m
2
-large flower strips established in 2017 and one 
from 2015. I found out that these small and young strips already support 21% of the 324 
species recorded for Munich since 1795 and 29% of the 232 species recorded between 1997 
and 2017, attesting to bees’ ability to detect and use new resources quickly (chapter 6). 
Another way of urban biodiversity enrichment is the creation of green roofs. Although 
this habitat has low plant diversity, my survey of the literature (35 studies that have appeared 
between 1992 and 2017) showed that 236 species of wild bees have been recorded on green 
roofs worldwide, with high numbers of thermophilic and cavity-nesting species (chapter 7). 
Ground-nesting species are underrepresented in this habitat, because the substrate thickness is 
insufficient for them. This was in stark contrast to a gravel pit (circa 18 ha) that I studied in 
the East of Munich and found 48 species of bees, of which 54% were ground-nesting (chapter 
8). For comparison, in Germany, Austria and Switzerland, 50% of the 745 bees known from 
this region are nesting in self-burrowed tunnels in the ground. 
During the many hours of monitoring Munich´s bees, I was able to observe and 
photographically document the copulation of Nomada flavoguttata, which to my knowledge is 
a first, although M. Schindler had studied mating in Nomada fucata and N. lathburiana in the 
lab. The bee male wrapped its antenna around the antenna of the female, possibly to transfer 
male antennal secretions to the female (chapter 9).  
Taken together, the results of my work show that cities can sustain a high bee 
diversity, especially if sites are protected from human interference, albeit not from climate 
warming, the urban heat effect, nitrogen input, light pollution, and other factors. As long as 
sites provide both foraging and nesting resources, bees quickly colonize and appear able to 
form stable populations. Likely, urban bee conservation will become increasingly important in 
times of biodiversity loss, as cities could provide safe havens from the negative effects of 
agricultural intensification.  
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THE EFFECTS OF URBANIZATION ON BIODIVERSITY 
According to United Nations (UN) data on ‘The World´s Cities in 2018,’ more than 
50% of the world´s 7.7 billion people live in urban settlements (https://www.un.org/en/ 
events/citiesday/assets/pdf/the_worlds_cities_in_2018_data_booklet.pdf, last accessed 08 
Dec. 2019). These estimates clearly depend on the definition of what constitutes a city. 
According to the UN’s definition (United Nations 2018), ‘city proper’ refers to a city´s 
administrative boundary, ‘urban agglomeration’ to the extent of the contiguous urban area, 
and ‘metropolitan area’ to the interlinked commerce and commuting patterns of nearby areas. 
Another way to define a city is by a high population density and strong constructional 
development (Pickett et al. 2001). If the current rate of urbanization stays unchanged, models 
predict an increase in urban land cover by 1.7 million km² by 2050, which would be 
approximately 1.4 times the area of 2012 (Zhou et al. 2019). As foraging and nesting 
resources of wildlife are eliminated due to surface sealing, and animals and plants become 
exposed to pollutants as well as light pollution, traffic, and other anthropogenic stressors, 
urbanization reduces both species richness and evenness for most biotic communities (Grimm 
et al. 2008, Hernandez et al. 2009). However, the degree of urbanization within cities varies 
(as is evident from the above definitions of what constitutes a city), and with this also the 
influence of cities on biodiversity.   
Generally, the core area is densely built up and highly developed, while the suburban 
areas surrounding the city center are increasingly natural (Magura et al. 2013). In cities with 
the strongest urbanization, the species richness of  most plants, vertebrates, and a few groups 
of invertebrates is reduced, compared to the species richness of surrounding suburban areas, 
which presumably provide a baseline of what might be the natural diversity in the respective 
region (McKinney 2008, Shochat et al. 2010). Bird species richness generally is negatively 
affected by urbanization, while bird abundance marginally increases at urban sites, and 
highest abundance occurs in suburban areas (Batáry et al. 2018, meta-analysis of 37 studies of 
bird species richness and 20 studies of abundance). A study of arthropods in the city of 
Debrecen (Hungary) showed that different trophic levels react differently to urbanization: 
while predatory spiders did not differ in their taxonomic or functional diversity along an 
urbanization gradient because of their higher recolonization capability compared to lower 
trophic levels, rove beetles and woodlice were taxonomically more diverse in rural, less 
urbanized sites (Nagy et al. 2018).  
The first studies on urban ecology were conducted in Europe and Australia in the 
1970´s (Davis 1978, Sukopp et al. 1979), but cities only became a main focus in biodiversity 
research in the 21
th
 century, even leading to the establishment of the ‘Journal of Urban 
Ecology’ (Grimm et al. 2008). An important aspect in urban biodiversity research is biotic 
homogenization, which is considered to be higher in cities than rural areas (McKinney 2005). 
Biotic homogenization is defined as “the replacement of local biotas with non-indigenous 
species,” which “often replaces unique endemic species with already widespread species” 
(McKinney and Lockwood 1999: p. 450). This process happens because habitat modification 
through construction and the accompanying alteration of the environment cause strong 
disturbances, excluding native species, while sometimes helping the introduction of exotic 
species (Hassal 2014). Species that are well-adapted to urban environments can spread 
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worldwide, while many local species disappear since they are not adapted to the narrow 
physical environment that cities provide (McKinney 2005). Through these processes, the local 
biodiversity of a city can both increase or decrease, while the global biodiversity decreases.  
Another reason for urban diversity increase is that cities show high small-scale 
heterogeneity (Baldock et al. 2019). Therefore, cities constitute a complex mosaic of different 
habitats suitable especially for smaller taxa with small habitat ranges, like many arthropods. 
For species with small home ranges, cities offer a variety of habitat niches with varying 
nesting opportunities, places to hide, and foraging sites. 
 
 
WORLDWIDE BIODIVERSITY DECLINE 
In the last decades, arthropod abundance and species diversity are declining 
worldwide, both in tropical and temperate habitats (Sánchez-Bayo and Wyckhuys 2019). For 
instance, dry weight biomass of arthropods in Puerto Rico´s Luquillo rainforest captured in 
sweep samples between 1976 and 2012 has declined four- to eightfold, and for sticky traps 30 
to 60 times, with severe consequences for insectivorous species of higher trophic levels, 
which show parallel declines (Lister and Garcia 2018). Similarly, flying insect biomass in 63 
German nature protection areas on average has declined by 76%, with mid-summer declines 
of 82%, between 1989 and 2016 (Hallmann et al. 2017), and arthropod biomass, abundance, 
and species numbers in forests and grassland have decreased by 67%, 78%, and 34% 
respectively between 2008 and 2017 (Seibold et al. 2019). Reasons for the decline are 
manifold, ranging from high nitrogen levels and reduced food and nesting resources to habitat 
loss, exposure to agrochemicals, pathogens and parasites, and for some groups also climate 
change (Potts et al. 2010, Goulson et al. 2015, Sánchez-Bayo and Wyckhuys 2019, Seibold et 
al. 2019).  
Amongst the best studied arthropod groups are pollinators, particularly bees. There are 
almost 18.000 bee species known worldwide, which belong to nearly 500 genera (Michener 
2007). All bees form a monophyletic group within the order of Hymenoptera. The foraging 
preferences of wild bees vary from being specialized on the pollen of one or a few plant 
species, which is called oligolecty, to being a generalist that can use many different plants as a 
pollen source to supply the brood cells, which is called polylecty (Cane and Sipes 2006). Not 
only do bees differ in their foraging specialization, but also in their nesting biology. Some 
species are cavity nesters, using already existing hollows to build their nest in. This can be big 
cavities like the nests of mice and birds, where bumblebees or honeybees can establish a new 
colony, or beetle grooves in dead wood or other hollow spaces like snail shells or hollow plant 
stems for solitary species. Cavity nesters are often found in artificial nesting aids as well 
(Michener 2007). Other species bite their nest tunnels into dead wood or the marrow of plant 
stems, and again others dig underground tunnels where they build their brood cells (Amiet 
and Krebs 2014). About a quarter of the wild bee species have stopped building their own 
brood cells, but have instead developed a parasitic lifestyle, laying their eggs in the nests of 
other bee species, where their offspring grows on the food that the host species has collected 
for its own offspring, which is killed in the stage of an egg or early larva either by the cuckoo 
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bee adult or its offspring (Wiesbauer 2017). In Germany, Liechtenstein, Austria, and 
Switzerland, for instance, 184 of 745 bee species have such a parasitic lifestyle (Zurbuchen 
and Müller 2012). The vast majority of wild bees in Central Europe are solitary, while 
relatively few species in the genera Bombus, Halictus, and Lasioglossum are semisocial or 
eusocial, where work is divided among one or a few queens and many female workers 
(Michener 2007).  
In the last years, public awareness of wild bees has increased, and numerous activities 
and information brochures have been produced by nature conservation organizations to 
improve the conditions for this group of insects. In Bavaria, this reached a political level in 
2019, when almost 1.8 million voting-age Bavarian citizens signed a referendum for 
anchoring the protection of nature and especially bees in the law (https://volksbegehren-
artenvielfalt.de, last accessed 12 Jul. 2019). Bees have been seen as providing especially 
important ecosystem services. Ecosystem services are benefits that humans gain from the 
environment, including provisioning services, which involve the production of renewable 
resources, and regulating services, like pest or disease control (Ehrlich and Ehrlich 1981). 
Biodiverse communities are considered to be more productive and stable (resilient against 
disturbance) and thus more reliably providing such services (Cardinale et al. 2012). Where 
pollinators disappear, such ecosystem services are not ensured any longer, which leads to 
decreased fruit-set in crops and wild plants (Steffan-Dewenter et al. 2005). This is indeed an 
alarming perspective, as we are already facing severe losses in species abundances. Currently, 
about half of the bees in Germany are threatened according to the German Red List (Westrich 
et al. 2011) or the Red Lists of the federal states (see Table 1). 
 
Table 1: Proportion of threatened species in the Red Lists of Germany and its federal 
states 
Country/Region Species assessed Red List species Reference 
Germany 557 47.9 % Westrich et al. 2011 
Baden-Wuerttemberg 460 45.2 % Westrich et al. 2000 
Bavaria 506 54 % Mandery et al. 2003a 
Berlin 298 39.9 % Saure et al. 2005 
Brandenburg 383 38.4 % Dathe and Saure 
2000 
Hesse 424 43 % Tischendorf et al. 
2009 
Lower Saxony and 
Bremen 
341 62.2 % Theunert 2002 
Northrhine-Westphalia 364 51.9 % Esser et al. 2010 
Saxony 407 70.5 % Burger 2005 
Saxony-Anhalt 405 64.9 % Burger et al. 2004 
Schleswig-Holstein 296 58 % Smissen 2001 
Thuringia 422 57.6 % Burger 2010 
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A major factor driving bee decline is the altered land-use (Potts et al. 2010, Sánchez-
Bayo and Wyckhuys 2019). The effect of agriculture on arthropod decline in Germany is 
particularly pronounced at the landscape level (Seibold et al. 2019). Intensive agriculture 
constitutes a problem due to the uniformity of landscapes because of monocultures, leading to 
restricted flower availability, and due to agrochemicals, especially neonicotinoids (Goulson 
2013, Goulson et al. 2015). The reproductive success of Bombus terrestris and Osmia 
bicornis is negatively correlated with neonicotinoid residues (Woodcock et al. 2017), the 
neonicotinoid clothianidin affects the visual guidance and navigational memory in Osmia 
cornuta (Jin et al. 2015), and traces of neonicotinoids are found in 75% of 198 honey samples 
collected throughout the world, indicating that both the honey bee and wild bees are exposed 
to this agrochemical worldwide (Mitchell et al. 2017). The issue of neonicotinoids not only 
affects arthropods but also has far-reaching consequences for higher trophic levels (Hallmann 
et al. 2014). For instance, higher-level consumers in a Japanese lake are affected by the 
zooplankton biomass decrease that correlates with neonicotinoid applications to watersheds 
since 1993, leading to a smelt harvest collapse from 240 to 22 tons (Yamamuro et al. 2019). 
With agriculture being such a strong driver in bee decline, the question arises whether urban 
spaces, which lack agrochemicals, crop-related mowing regimes, and show a higher 
heterogeneity compared to large crop monocultures could become an important wild bee 
habitat.    
 
BEE DIVERSITY IN CITIES 
In body size, bees range from 3 mm (Exely 1974: Euryglossella and Quashihesma,) to 
63 mm (Messer 1984: Megachile (Chalicodoma) pluto) worldwide and from 4.5 mm to 24 
mm in Germany (Hofmann et al. 2019), and their habitat ranges vary correspondingly. 
Compared to larger-bodied vertebrates and many other insects, however, the bee species 
occurring in Germany all have small home ranges because they are central-place foragers and 
because most species are solitary and smaller than 15 mm. A heterogeneous urban landscape 
might therefore support bee populations, at least for the small-bodied species, and should 
therefore be targeted by urban conservation efforts (Hall et al. 2017). Diverse bee 
communities can be found in cities, especially cavity nesters and pollen generalists (see Hall 
et al. 2017 for references). For community gardens in the heavily developed neighborhoods of 
the Bronx and East Harlem in New York, for instance, 54 species of wild bees have been 
reported (Matteson et al. 2008). Westchester County, a New York suburb, even hosts 110 
species of wild bees in its residential gardens (Fetridge et al. 2008). A five-year study in 
Berlin found 262 species of bees using the net-sampling method (Saure 1996). In Lyon, 291 
species were found between 2011 and 2012 using both pan traps and insect nets along an 
urbanization gradient (Fortel et al. 2014). In this study, bee abundance was negatively 
correlated with the amount of sealed surface, but at intermediate levels of sealed surface, the 
diversity of parasitic species and cavity-nesting species was highest (Fortel et al. 2014). 
Similarly, diversity and abundance of bees and hoverflies in the UK were negatively 
correlated with higher levels of urbanization and presumably surface sealing, and sites with 
high flowering plant diversity had the most diverse pollinator assemblages (Bates et al. 2011). 
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Likewise, Banaszak-Cibicka and Zmihorski (2012) found 104 species in Poznan, Poland, with 
some species being more abundant in the city center, whilst others preferred the suburban 
region, indicating that urbanization can influence wild bee species composition. Urban 
greenspace with suitable foraging resources for flies, bees, and butterflies, the main 
pollinators in the temperate zone, can be manifold, ranging from allotments, gardens and 
balconies to parks, cemeteries and churchyards. Especially residential gardens and allotments 
(i.e. community gardens) have a high pollinator biodiversity (Baldock et al. 2019). Another 
greenspace of increasing size and importance are green roofs, which are now mandatory on 
flat-topped buildings in Switzerland and a few other European countries and supported by 
incentives in the USA (Brenneisen 2006, Stutz 2010). They can increase habitat connectivity 
especially in highly urbanized areas (Braaker et al. 2014), and provide additional habitat 
space, where a lot of surface is sealed with buildings, streets and pavements. 
 
 
RESEARCH QUESTIONS AND STUDY APPROACHES 
The focus of this dissertation is on changes in the species diversity of wild bees in the 
city of Munich over the past 20 years. My goal was to identify factors that influence species 
diversity (chapter 2) and changes in community composition (chapter 3 and chapter 4). I made 
use of data on the population development and degree of threat of the German wild bee fauna 
as stated in successive editions of relevant Red Lists for Germany and correlated these data 
with information of live history parameters of the species, such as the extent of pollen 
specialization, sociality, flight times, and a fine-grained data collection on their habitat niches, 
using Hierarchical Bayesian Models (chapter 2). In Hierarchical Bayesian Models the prior 
distribution of some model parameters depends on other parameters, which are inferred using 
Bayesian methods (Kruschke 2010). These are based on Bayes´ theorem, which describes the 
probability of a parameter based on prior knowledge of factors potentially being related to the 
event as opposed to the frequentist approach, which is purely based on the inference of 
probabilities from long-term frequencies. Hierarchical Bayesian Models allowed me to 
include the phylogenetic relationship of bees as one of the explanatory factors that might 
influence the Red List status of wild bees. For most of the German wild bees barcodes of 
multiple specimens per species are available (Schmidt et al. 2015). Barcodes are sequences of 
the cytochrome oxidase subunit I, which were used to calculate a maximum-likelihood 
phylogeny, which was then included in the applied model. With this bee phylogeny in the 
background, I was able to examine the predictive power of different life-history parameters as 
well as habitats and their elevation of wild bees for their Red List Status and therefore the role 
of inherited and external factors as contributors to extinction. I could also test my models 
against known bee extinction rates based on data of the last 50 to 150 years (Westrich et al. 
2011).  
 In Germany, the first wild bee Red List was published over forty years ago by Rühl 
(1977), followed by the Red Lists of Warncke and Westrich (1984), Westrich et al. (1998), 
Westrich et al. (2008), and finally Westrich et al. (2011). The Red List status of the wild bees 
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published in the latest publication (Westrich et al. 2011) was determined based on the data of 
seven bee specialists, each with a different regional focus: P. Westrich for Baden-
Wuerttemberg, U. Frommer for Hesse, K. Mandery for Northern Bavaria, H. Riemann for 
Bremen and Lower Saxony, H. Ruhnke for Saxony-Anhalt, C. Saure for Berlin and 
Brandenburg, and J. Voith for Southern Bavaria and the German Alps. Assessing the Red List 
Status of wild bees raises several difficulties: For some species, species boundaries have 
changed due to new findings in the field of phylogenetics based on the analysis of DNA in 
addition to the classical morphological features. For instance, cryptic species have been 
detected within one former species, while on the other hand, names can also become 
synonymized when it turns out that they refer to the same species. One example is the case of 
Andrena flavilabris and A. decipiens described by Schenk in 1874 and 1861 respectively. 
Until about 2008, A. flavilabris was considered the spring-time generation of A. decipiens, but 
genetic research has shown that Schenk was correct in treating them as two species (Mandery 
et al. 2008). In other cases, it is still not clear whether two species names are synonymous or 
not. Andrena alutacea, for example, is considered a synonym of A. proxima by Dubitzky and 
Schönitzer (2001) and Gusenleitner and Schwarz (2002), but is ranked as a species by 
Schmid-Egger (2005). For such taxonomically difficult species it is problematic to use 
historic data to evaluate the development of populations, because the determination of the 
specimen in the past might have followed another classification than the one used for the Red 
List. Moreover, monitoring and mapping intensities differ strongly between areas, so that 
species-rich areas are simply the best-assessed areas. Although the interest in bees is 
increasing, there are still areas with deficits in the faunal assessment of wild bees because 
small bees are often difficult to determine in the field. Another problem is the low degree of 
digitally available records. Approaches such as the ‘Wildbienen-Kataster’ 
(http://www.wildbienen-kataster.de/, last accessed 03 Jun. 2019), a digital data base for 
Baden-Wuerttemberg created by the Stuttgart State Museum of Natural History, or the 
‘Arbeitsatlas der Bienen und Wespen Bayerns’ (http://www.buw-bayern.de/, last accessed 03 
Jun. 2019) for Bavaria, initiated by Mandery and colleagues, are rare attempts to make 
voucher information available online and thus easy to access for abundance analyses. 
Nevertheless, the authors of the fifth Red List of wild bees in Germany (Westrich et al. 2011) 
managed to assess the threat status of 557 species: 39 species are currently considered extinct, 
26 almost extinct, 31 highly threatened, 78 strongly threatened, 85 threatened, 42 near-
threatened, 34 threatened to an unknown extent, 207 not threatened, and for 15 species, data 
are deficient.    
 To test possible predictors of population vulnerability with field data, I carried out bee 
occurrence mapping in the city of Munich. I was able to re-monitor two well-studied biotopes 
within the city perimeter of Munich (chapter 4), the Allacher Lohe nature reserve and the 
Virginia Depot, where data for the last 20 or more years are available via a species and 
biotope monitoring program (ABSP München Stadt) funded by the Bavarian Environmental 
Protection Agency (Bayerisches Landesamt für Umwelt). As the species spectrum of wild 
bees is shifting over the year, I visited all studied sites in regular intervals (every two to three 
weeks). Monitoring walks were conducted between 10 am and 4 pm on sunny, warm days 
with little or no wind. The mapping did not follow a strict route, but instead, I searched for 
bees on flowers and likely nesting sites. If possible, species were identified directly in the 
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field and documented via macro-photography in a standardized setup: for detailed pictures, 
the bees were caught with an insect net and cooled down for 10 minutes in an Eppendorf 
cupped plastic vial stored on ice in a cooled box. When the bees became cold anesthetized, 
they were transferred onto scale paper (using a small box lined with millimeter paper on its 
bottom) and photographed from all sides. Within one to two minutes, they warmed up again 
and were released at the location they were caught. After determining the photos to species 
level, they were uploaded to the virtual research environment ‘Diversity Workbench,’ a 
platform operated by the IT group of the Bavarian Natural History Collections, which is 
located in the Botanical Institute and headed by a curator of the Munich herbarium. The 
platform allows researchers associated with the herbarium to store bio-and geodiversity data 
and will make the bee photographs generated as part of this dissertation available for other 
researchers.  
 For species that are taxonomically difficult to distinguish by morphology alone, like 
most members of the genera Sphecodes, Lasioglossum or Halictus, I collected voucher 
specimens, preferably males (for morphological re-identification by genitalia preparations), 
and identified them morphologically and via DNA barcoding. For DNA extraction, the 
QIAGEN DNeasy®-Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) was used. DNA 
was extracted from one leg per bee. The mitochondrial gene fragment of the cytochrome c 
oxidase (COI) with a 658 bp target region near the 5´terminus of COI was amplified. 
Polymerase chain reactions (PCR) were performed using standard conditions. Amplified 
products were sequenced on an ABI 3100 Avant capillary sequencer (Applied Biosystems), 
and forward and reverse sequences were manually edited and assembled, using Sequencher 
5.1 (Gene Codes Corporation, Ann Arbor, Michigan, USA) and BLAST-search in GenBank. 
DNA barcodes were uploaded to NCBI. The voucher specimens have been deposited in the 
Zoologische Staatssammlung Munich (ZSM).       
 Besides the Allacher Lohe and the Virginia Depot, I used the Munich Botanical 
Garden as my main study site. It has monitoring data for bees extending back over twenty 
years starting with data from 1990, with highest data availability for the years 1996-1998. 
This allowed me to assess changes in the species composition of a basically unchanged, ideal 
habitat, as the garden layout and species-rich outdoor plantings of the Munich Botanical 
Garden have not changed over the past 20 years (chapter 3). Additionally, this site enabled me 
to conduct experiments on the flight distances of cavity-nesting wild bees (chapter 5). 
Habitats suitable for bees need both sufficient nesting and foraging resources (Westrich 
1996), and these need to be within the flight range of single females (Gathmann and 
Tscharntke 2002, Greenleaf et al. 2007). Foraging ranges of most wild bees, however, are 
unknown, although such information is crucial for planning conservation measures. 
Therefore, I examined the flight distances of numerous males and females of six solitary bee 
species in the Botanical Garden, by marking them with colored number tags or colored dots 
using a mark-observe approach (chapter 5).  
 In spring 2017 and summer 2018, I also scientifically accompanied the establishment 
of inner-city flower strips by the Landesbund für Vogelschutz (LBV), a nature conservation 
organization, assessed the wild bee assemblage on the flower strips and on nearby control 
areas and monitored the development of these strips over the two years to understand which 
plants are most useful for bees and also can establish successfully in an urban context (chapter 
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6). Data on such habitat-enhancement measures in cities are much scarcer than in the 
agricultural context, where numerous studies are available (for references see Dicks et al. 
2012).  
 The selection of the three sites described above allowed me to investigate and 
disentangle the effects of change in floral availability, nesting resources, and temperature 
changes (from anthropogenic climate warming), which are all factors influencing wild bees 
niche (Table 2 and first parts of the Introduction to this thesis). The sites Allacher Lohe, 
Virginia Depot, and the Munich Botanical Garden have changed differently in these aspects 
over the last 20 years. While the Allacher Lohe has seen a decrease in foraging and nesting 
resources due to heavy construction work at the site, the Virginia Depot´s flower and nesting 
resources have increased over time because of the efforts of nature conservation 
organisations, and the Munich Botanical Garden has stayed basically constant as regards these 
two factors. All three sites have experienced an increase in temperature in spring and summer 
and a shorter winter period within the last twenty years (Zohner and Renner 2014). The 
investigation of the newly established flower strips, on the other hand, allowed me to analyse 
the effect of an increase in floral and nesting resources without the factor temperature, as the 
long-term trend of increasing temperatures should not apply within a two-year investigation 
period (Table 2). Thus, my expectation was that if an increase in temperature benefits wild 
bees, as these are generally most species rich in Mediterranean type habitats (Michener 2007), 
this effect would become clear at the Munich Botanical Garden site, as all other factors were 
constant there, while it would be masked at the other sites because of the changes there in 
floral and nesting site availability. On the other hand, the 20-year-long data from the Allach 
and Virginia Depot sites, as well as the two-year data from the flower strips, would allow me 
to detect any effects of changing floral resources and changing nesting resources on wild bee 
diversity, with the expectation that an increase in floral and nesting resources would also lead 
to an increase in bee species numbers.  
 
Table 2. Development of floral and nesting resources as well as spring and summer 
temperatures at the studied sites Allacher Lohe, Virginia Depot, the Botanical Garden and the 
flowers strips. ↗ indicates increases in the respective parameter, ↘ decreases, and = indicates 
no change in the parameter. 
 
Allacher 
Lohe 
Virginia 
Depot 
Munich 
Botanical 
Garden 
Flower 
strips 
Floral resources ↘ ↗ = ↗ 
Nesting resources ↘ ↗ = ↗ 
Temperature 
↗ ↗ ↗ = 
 
 Another issue in bee conservation is the question of replacement habitats. As 
mentioned above, the proportion of green roofs in cities is increasing, as does the number of 
studies about this topic. In Munich, building owners can apply for a grant when they want to 
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convert their roof into a green roof with a soil layer of at least 8 cm (“Sonderprogramm zur 
Förderung der Begrünung der Landeshauptstadt München”, available at https://lhm-
author.muenchen.swm.de/rathaus/home/Stadtverwaltung/baureferat/foerderprogramm-priv-
gruen_alt/dachgruen.html, last accessed 04 Dec. 2019). To investigate the impact of green 
roofs on wild bees, I compiled studies of bees on green roofs worldwide and created a species 
list of all wild bees reported in these studies to be found on green roofs. The studies showed 
that green roofs can be used by some, but not all wild bee species to a varying extent and that 
intensive green roofs are more species-rich than extensive roofs (chapter 7), therefore it is 
worth to consider this newly created habitat for conservation purpose. The second 
replacement habitat I investigated was a partly renatured gravel pit. Due to the gravel 
excavation, such pits simulate dynamic river landscapes, which have become increasingly 
scarce. I made a species list of the Obermayr gravel pit in Riem, Munich, and compared it 
with the results from other studies in Central European gravel pits (chapter 8). Thanks to the 
open soil spots in the gravel pits, these are an especially valuable habitat for ground-nesting 
species.                
 During my field work, I observed many species of wild bees in their natural 
environment. By chance, I noticed the copulation of nomad bees in Allach, where I saw the 
remarkable behaviour of antennal grabbing. Little has been published to this topic so far, 
although I found an unpublished doctoral thesis by M. Schindler (2005) in which the behavior 
was described for other species of Nomada. In collaboration with Dr. Schindler, I found gland 
structures on the antennae of Nomada flavoguttata, using SEM studies, similar to those he had 
found in N. fucata and N. lathburiana before (chapter 9).  
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Table S3:  GenBank accession numbers for all species in the CO1 phylogeny. 
Species GenBank Accession Number Reference 
Ammobates punctatus HM401141 Schmidt et al. 2015 
Ammobatoides abdominalis KJ83805 Schmidt et al. 2015 
Andrena aberrans KJ837129 Schmidt et al. 2015 
Andrena agilissima KT960836 Makkar et al. 2016 
Andrena albofasciata KJ837459 Schmidt et al. 2018 
Andrena alfkenella HM401243  Schmidt et al. 2015 
Andrena allosa KJ837196  Schmidt et al. 2015 
Andrena alutacea KJ836974 Schmidt et al. 2015 
Andrena ampla KJ836817 Schmidt et al. 2015 
Andrena angustior  JQ909640 Magnacca and Brown 2012 
Andrena apicata JQ909642 Magnacca and Brown 2012 
Andrena argentata KJ838106 Schmidt et al. 2015 
Andrena barbareae KT164628  Tang et al. 2017 
Andrena barbilabris KJ836669 Schmidt et al. 2015 
Andrena bicolor GU706056 Schmidt et al. 2015 
Andrena bimaculata KJ837393 Schmidt et al. 2015 
Andrena bucephala KJ839574 Schmidt et al. 2015 
Andrena carantonica KT074022 Schmidt et al. 2015 
Andrena chrysopus GU705927  Schmidt et al. 2015 
Andrena chrysopyga HM376233 Schmidt et al. 2015 
Andrena chrysosceles HQ954749 Schmidt et al. 2015 
Andrena cineraria JQ909656 Magnacca and Brown 2012 
Andrena clarkella GU705928  Schmidt et al. 2015 
Andrena coitana KJ836599 Schmidt et al. 2015 
Andrena combinata KJ837482 Schmidt et al. 2015 
Andrena confinis HM401263 Schmidt et al. 2015 
Andrena congruens GU705940 Schmidt et al. 2015 
Andrena curtula KJ837178 Schmidt et al. 2015 
Andrena curvungula KJ837652 Schmidt et al. 2015 
Andrena decipiens KJ837637 Schmidt et al. 2015 
Andrena denticulata GU705953  Schmidt et al. 2015 
Andrena distinguenda KJ839472 Schmidt et al. 2015 
Andrena dorsata KJ837258  Schmidt et al. 2015 
Andrena enslinella KJ838020 Schmidt et al. 2015 
Andrena falsifica KJ838103  Schmidt et al. 2015 
Andrena ferox KJ839323 Schmidt et al. 2015 
Andrena flavipes KJ839275 Schmidt et al. 2015 
Andrena florea HM376235   Schmidt et al. 2015 
Andrena floricola KJ837140 Schmidt et al. 2015 
Andrena florivaga KJ837219 Schmidt et al. 2015 
Andrena fucata JQ909669 Magnacca and Brown 2012 
Andrena fulva GU705958 Schmidt et al. 2015 
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Andrena fulvago KJ837292 Schmidt et al. 2015 
Andrena fulvata HM401059 Schmidt et al. 2015 
Andrena fulvicornis HM376237 Schmidt et al. 2015 
Andrena fulvida HM401047 Schmidt et al. 2015 
Andrena fuscipes HM401055   Schmidt et al. 2015 
Andrena granulosa HQ954767  Schmidt et al. 2015 
Andrena gravida KJ836450 Schmidt et al. 2015 
Andrena haemorrhoa KJ839483  Schmidt et al. 2015 
Andrena hattorfiana KJ837424 Schmidt et al. 2015 
Andrena helvola KJ837363 Schmidt et al. 2015 
Andrena humilis KJ838908 Schmidt et al. 2015 
Andrena hypopolia HM376239 Schmidt et al. 2015 
Andrena intermedia KJ836983 Schmidt et al. 2015 
Andrena labialis HM376240 Schmidt et al. 2015 
Andrena labiata HM401048 Schmidt et al. 2015 
Andrena lagopus HM376241 Schmidt et al. 2015 
Andrena lapponica KJ837558  Schmidt et al. 2015 
Andrena lathyri KJ839310 Schmidt et al. 2015 
Andrena limata KJ837654 Schmidt et al. 2015 
Andrena marginata KJ837896 Schmidt et al. 2015 
Andrena minutula KJ836685  Schmidt et al. 2015 
Andrena minutuloides HM401044 Schmidt et al. 2015 
Andrena mitis KJ838697   Schmidt et al. 2015 
Andrena montana GU705960  Schmidt et al. 2015 
Andrena morio HM376243 Schmidt et al. 2015 
Andrena nana KJ839631  Schmidt et al. 2015 
Andrena nasuta KJ839710 Schmidt et al. 2015 
Andrena nigroaenea KJ836732 Schmidt et al. 2015 
Andrena nigrospina KJ838255  Schmidt et al. 2015 
Andrena nitida KT074020 Schmidt et al. 2015 
Andrena nitidiuscula KJ838927 Schmidt et al. 2015 
Andrena nitidula KJ836688 Schmidt et al. 2015 
Andrena niveata KJ836650 Schmidt et al. 2015 
Andrena nuptialis KJ837325 Schmidt et al. 2015 
Andrena nycthemera KJ836417 Schmidt et al. 2015 
Andrena ovatula KJ838397  Schmidt et al. 2015 
Andrena pallitarsis HM401021 Schmidt et al. 2015 
Andrena pandellei KJ839079 Schmidt et al. 2015 
Andrena pastellensis HM401027 Schmidt et al. 2015 
Andrena paucisquama KJ839316 Schmidt et al. 2015 
Andrena pilipes KJ836606  Schmidt et al. 2015 
Andrena polita HM401023 Schmidt et al. 2015 
Andrena potentillae HM401024 Schmidt et al. 2015 
Andrena praecox HM376224  Schmidt et al. 2015 
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Andrena proxima HM401052 Schmidt et al. 2015 
Andrena pusilla KJ839537 Schmidt et al. 2015 
Andrena rhenana KJ838999 Schmidt et al. 2015 
Andrena rogenhoferi KJ838541   Schmidt et al. 2015 
Andrena rosae EU374644 Schmidt et al. 2015 
Andrena ruficrus HM401042  Schmidt et al. 2015 
Andrena rufizona KJ836804 Schmidt et al. 2015 
Andrena rufula KJ838498 Schmidt et al. 2015 
Andrena semilaevis KJ839157  Schmidt et al. 2015 
Andrena sericata KJ836715 Schmidt et al. 2015 
Andrena similis KJ839751 Schmidt et al. 2015 
Andrena spinigera KJ837406 Schmidt et al. 2015 
Andrena stragulata KJ839175 Schmidt et al. 2015 
Andrena strohmella KJ839737 Schmidt et al. 2015 
Andrena subopaca KJ836638 Schmidt et al. 2015 
Andrena suerinensis KJ838205 Schmidt et al. 2015 
Andrena susterai KJ838537 Schmidt et al. 2015 
Andrena symphyti KJ837432 Schmidt et al. 2015 
Andrena synadelpha KT074024 Tang et al. 2017 
Andrena taraxaci KJ839582 Schmidt et al. 2015 
Andrena tarsata JQ909697 Magnacca and Brown 2012 
Andrena thoracica KJ839789 Schmidt et al. 2015 
Andrena tibialis KJ837901 Schmidt et al. 2015 
Andrena trimmerana KJ836680 Schmidt et al. 2015 
Andrena tscheki KJ836443 Schmidt et al. 2015 
Andrena vaga KJ837581 Schmidt et al. 2015 
Andrena ventralis KJ839138 Schmidt et al. 2015 
Andrena viridescens KJ836441 Schmidt et al. 2015 
Andrena wilkella KJ836402  Schmidt et al. 2015 
Anthidiellum strigatum KJ837946 Schmidt et al. 2015 
Anthidium florentinum KJ839553 Schmidt et al. 2015 
Anthidium loti KJ836898 Schmidt et al. 2015 
Anthidium manicatum KJ838277 Schmidt et al. 2015 
Anthidium montanum KJ837682 Schmidt et al. 2015 
Anthidium oblongatum GU706008 Schmidt et al. 2015 
Anthidium punctatum GU706009 Schmidt et al. 2015 
Anthophora aestivalis HM376217 Schmidt et al. 2015 
Anthophora balneorum KJ839342 Schmidt et al. 2015 
Anthophora bimaculata KJ837025 Schmidt et al. 2015 
Anthophora furcata KJ837165 Schmidt et al. 2015 
Anthophora plagiata KJ839757 Schmidt et al. 2015 
Anthophora plumipes HM376219 Schmidt et al. 2015 
Anthophora pubescens KJ836626 Schmidt et al. 2015 
Anthophora quadrimaculata KJ839773 Schmidt et al. 2015 
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Anthophora retusa KJ837816 Schmidt et al. 2015 
Apis mellifera MG443154 
Dewaard, BIOUG  
Archive GGBN Data Release 
Biastes emarginatus KJ839184 Schmidt et al. 2015 
Biastes truncatus KJ837962 Schmidt et al. 2015 
Bombus alpinus HQ948121  Schmidt et al. 2015 
Bombus argillaceus KJ837978  Schmidt et al. 2015 
Bombus barbutellus GU705885 Schmidt et al. 2015 
Bombus bohemicus GU705896 Schmidt et al. 2015 
Bombus campestris GU705893 Schmidt et al. 2015 
Bombus confusus KJ836795  Schmidt et al. 2015 
Bombus cryptarum JQ843394 williams et al. 2013 
Bombus distinguendus KJ837828 Schmidt et al. 2015 
Bombus flavidus AY181184 Pedersen 2002 
Bombus gerstaeckeri GU705902  Schmidt et al. 2015 
Bombus hortorum KT164676 Tang et al. 2017 
Bombus humilis KJ836557 Schmidt et al. 2015 
Bombus hypnorum KT074031 Tang et al. 2017 
Bombus jonellus KJ837105  Schmidt et al. 2015 
Bombus lapidarius GU705907  Schmidt et al. 2015 
Bombus lucorum KT164681 Tang et al. 2017 
Bombus magnus GU705915 Schmidt et al. 2015 
Bombus mendax HQ563801 Schmidt et al. 2015 
Bombus mesomelas HQ563803 Schmidt et al. 2015 
Bombus monticola GU705913 Schmidt et al. 2015 
Bombus mucidus KJ839017 Schmidt et al. 2015 
Bombus muscorum KJ838500 Schmidt et al. 2015 
Bombus norvegicus GU705916 Schmidt et al. 2015 
Bombus pascuorum KJ836788 Schmidt et al. 2015 
Bombus pratorum KT164684  Schmidt et al. 2015 
Bombus pyrenaeus KJ837876 Schmidt et al. 2015 
Bombus quadricolor HQ563807 Schmidt et al. 2015 
Bombus ruderarius GU705935 Schmidt et al. 2015 
Bombus ruderatus KX821204 Packer and Ruz 2016 
Bombus rupestris GU705932  Schmidt et al. 2015 
Bombus semenoviellus HQ563810  Schmidt et al. 2015 
Bombus sichelii HQ563811 Schmidt et al. 2015 
Bombus soroeensis GU705936  Schmidt et al. 2015 
Bombus subterraneus KJ837619 Schmidt et al. 2015 
Bombus sylvarum GU705942 Schmidt et al. 2015 
Bombus sylvestris GU705886 Schmidt et al. 2015 
Bombus terrestris JQ843625 Tang et al. 2017 
Bombus vestalis GU705952 Schmidt et al. 2015 
Bombus veteranus HQ563800 Schmidt et al. 2015 
Bombus wurflenii GU705917 Schmidt et al. 2015 
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Camptopoeum frontale KJ837986 Schmidt et al. 2015 
Ceratina chalybea KJ836933 Schmidt et al. 2015 
Ceratina cucurbitina KJ836657 Schmidt et al. 2015 
Ceratina cyanea GU705965 Schmidt et al. 2015 
Ceratina nigrolabiata KJ836469 Schmidt et al. 2015 
Chelostoma campanularum KR792705 Schmidt et al. 2015 
Chelostoma distinctum KJ837112 Schmidt et al. 2015 
Chelostoma emarginatum KJ837355 Schmidt et al. 2015 
Chelostoma grande KJ836477 Schmidt et al. 2015 
Chelostoma rapunculi KR783170 Schmidt et al. 2015 
Coelioxys afra KJ837838 Schmidt et al. 2015 
Coelioxys alatav HM401246 Schmidt et al. 2015 
Coelioxys argentea KJ837998 Schmidt et al. 2015 
Coelioxys aurolimbata KJ838074 Schmidt et al. 2015 
Coelioxys brevis KJ837761 Schmidt et al. 2015 
Coelioxys conica HM401145 Schmidt et al. 2015 
Coelioxys conoidea KJ839589 Schmidt et al. 2015 
Coelioxys echinata HM401148 Schmidt et al. 2015 
Coelioxys elongata KJ837365 Schmidt et al. 2015 
Coelioxys haemorrhoa KJ839282 Schmidt et al. 2015 
Coelioxys inermis KJ839147 Schmidt et al. 2015 
Coelioxys mandibularis KJ839664 Schmidt et al. 2015 
Coelioxys rufescens KJ837496 Schmidt et al. 2015 
Colletes brevigena KJ839788 Schmidt et al. 2015 
Colletes collaris DQ085544 Kuhlmann et al. 2007 
Colletes cunicularius KJ837588 Schmidt et al. 2015 
Colletes daviesanus KJ837050 Schmidt et al. 2015 
Colletes floralis HQ948116 Schmidt et al. 2015 
Colletes fodiens HM401156 Schmidt et al. 2015 
Colletes graeffei KJ839614 Schmidt et al. 2015 
Colletes halophilus DQ085542 Kuhlmann et al. 2007 
Colletes hederae KJ839205 Schmidt et al. 2015 
Colletes hylaeiformis KJ837953 Schmidt et al. 2015 
Colletes impunctatus HM401265 Schmidt et al. 2015 
Colletes marginatus KJ837247 Schmidt et al. 2015 
Colletes mlokossewiczi KJ837366 Schmidt et al. 2015 
Colletes nasutus HM401158 Schmidt et al. 2015 
Colletes similis KJ838772 Schmidt et al. 2015 
Colletes succinctus KJ837472 Schmidt et al. 2015 
Dasypoda argentata KJ839763 Schmidt et al. 2015 
Dasypoda hirtipes KT074042 Schmidt et al. 2018 
Dasypoda suripes KJ838502 Schmidt et al. 2015 
Dioxys cincta KJ836409 Schmidt et al. 2015 
Dioxys tridentata KJ837073 Schmidt et al. 2015 
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Dufourea alpina KJ839615 Schmidt et al. 2018 
Dufourea dentiventris HM401151 Schmidt et al. 2018 
Dufourea halictula HM401152 Schmidt et al. 2018 
Dufourea inermis KJ837444 Schmidt et al. 2018 
Dufourea minuta KJ838873 Schmidt et al. 2018 
Dufourea paradoxa KJ839493 Schmidt et al. 2018 
Epeoloides coecutiens GU706014 Schmidt et al. 2015 
Epeolus alpinus KJ837447 Schmidt et al. 2015 
Epeolus cruciger KJ836474 Schmidt et al. 2015 
Epeolus marginatus KJ838052 Schmidt et al. 2015 
Epeolus schummeli KJ837959 Schmidt et al. 2015 
Epeolus variegatus HM401155 Schmidt et al. 2015 
Eucera chrysopyga KJ836791 Schmidt et al. 2015 
Eucera cineraria KJ836627 Schmidt et al. 2015 
Eucera interrupta KJ836504 Schmidt et al. 2015 
Eucera longicornis KJ838283 Schmidt et al. 2015 
Eucera nigrescens KJ838368 Schmidt et al. 2015 
Halictus cochlearitarsis KJ836651  Schmidt et al. 2015 
Halictus confusus KJ839065 Schmidt et al. 2015 
Halictus eurygnathus KJ839238 Schmidt et al. 2015 
Halictus gavarnicus KJ839088 Schmidt et al. 2015 
Halictus langobardicus HM401091 Schmidt et al. 2015 
Halictus leucaheneus KJ838382 Schmidt et al. 2015 
Halictus maculatus KJ836478 Schmidt et al. 2015 
Halictus pollinosus KJ838192 Schmidt et al. 2015 
Halictus quadricinctus KJ836586 Schmidt et al. 2018 
Halictus rubicundus KJ837973 Schmidt et al. 2015 
Halictus scabiosae KJ839219 Schmidt et al. 2015 
Halictus sexcinctus KJ838845 Schmidt et al. 2015 
Halictus simplex KJ836612 Schmidt et al. 2015 
Halictus smaragdulus KJ837345  Schmidt et al. 2018 
Halictus subauratus KJ836879 Schmidt et al. 2018 
Halictus tumulorum KJ836913 Schmidt et al. 2015 
Heriades crenulatus KJ836538  Schmidt et al. 2015 
Heriades truncorum KJ836448 Schmidt et al. 2015 
Hoplitis acuticornis HM401195 Schmidt et al. 2015 
Hoplitis adunca HM401196 Schmidt et al. 2015 
Hoplitis anthocopoides KJ838067  Schmidt et al. 2015 
Hoplitis claviventris KJ837591 Schmidt et al. 2015 
Hoplitis lepeletieri KJ837451 Schmidt et al. 2015 
Hoplitis leucomelana HM401205 Schmidt et al. 2015 
Hoplitis loti HM401209  Schmidt et al. 2015 
Hoplitis mitis KJ838545 Schmidt et al. 2015 
Hoplitis mucida KJ837173 Schmidt et al. 2015 
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Hoplitis papaveris KJ836470 Schmidt et al. 2015 
Hoplitis ravouxi KJ839378 Schmidt et al. 2015 
Hoplitis tridentata GU705987 Schmidt et al. 2015 
Hoplitis tuberculata HQ948088 Schmidt et al. 2015 
Hoplitis villosa HM401232 Schmidt et al. 2015 
Hylaeus alpinus HM401162 Schmidt et al. 2015 
Hylaeus angustatus KJ836545 Schmidt et al. 2015 
Hylaeus annulatus KJ839556 Schmidt et al. 2015 
Hylaeus brevicornis KJ839278 Schmidt et al. 2015 
Hylaeus clypearis HM401165 Schmidt et al. 2015 
Hylaeus communis KJ839696 Schmidt et al. 2015 
Hylaeus confusus GU705974 Schmidt et al. 2015 
Hylaeus cornutus KJ839471 Schmidt et al. 2015 
Hylaeus difformis HM401166 Schmidt et al. 2015 
Hylaeus dilatatus KJ839192 Schmidt et al. 2015 
Hylaeus duckei HM401169 Schmidt et al. 2015 
Hylaeus gibbus KJ837435 Schmidt et al. 2015 
Hylaeus glacialis KJ838093 Schmidt et al. 2015 
Hylaeus gracilicornis HM401171 Schmidt et al. 2015 
Hylaeus gredleri KJ837308 Schmidt et al. 2015 
Hylaeus hyalinatus KJ837179 Schmidt et al. 2015 
Hylaeus incongruus KJ837097 Schmidt et al. 2015 
Hylaeus intermedius KJ838687 Schmidt et al. 2015 
Hylaeus kahri KJ838978 Schmidt et al. 2015 
Hylaeus leptocephalus KJ838113 Schmidt et al. 2015 
Hylaeus lineolatus HM401173 Schmidt et al. 2015 
Hylaeus moricei HM401175 Schmidt et al. 2015 
Hylaeus nigritus KJ838096 Schmidt et al. 2015 
Hylaeus nivalis HM401179 Schmidt et al. 2015 
Hylaeus paulus KJ837780 Schmidt et al. 2015 
Hylaeus pectoralis KJ839242 Schmidt et al. 2015 
Hylaeus pfankuchi HM401182 Schmidt et al. 2015 
Hylaeus pictipes KJ838603 Schmidt et al. 2015 
Hylaeus pilosulus HQ948063 Schmidt et al. 2015 
Hylaeus punctatus KJ839293 Schmidt et al. 2015 
Hylaeus punctulatissimus HM401185 Schmidt et al. 2015 
Hylaeus rinki GU705973 Schmidt et al. 2015 
Hylaeus signatus KJ836815 Schmidt et al. 2015 
Hylaeus sinuatus KJ838509 Schmidt et al. 2015 
Hylaeus styriacus KJ837075 Schmidt et al. 2015 
Hylaeus tyrolensis KJ836565 Schmidt et al. 2015 
Hylaeus variegatus HM401187 Schmidt et al. 2015 
Lasioglossum aeratum KJ837299 Schmidt et al. 2015 
Lasioglossum albipes KJ838990 Schmidt et al. 2018 
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Lasioglossum albocinctum KJ838953 Schmidt et al. 2018 
Lasioglossum alpigenum KJ837857 Schmidt et al. 2015 
Lasioglossum angusticeps HQ948051  Schmidt et al. 2015 
Lasioglossum bavaricum KJ838236 Schmidt et al. 2015 
Lasioglossum bluethgeni HM401099 Schmidt et al. 2015 
Lasioglossum brevicorne HQ948053 Schmidt et al. 2015 
Lasioglossum breviventre KJ836700 Schmidt et al. 2018 
Lasioglossum calceatum KT074051 Schmidt et al. 2018 
Lasioglossum clypeare KJ837961 Schmidt et al. 2015 
Lasioglossum convexiusculum KJ837411 
Schmidt et al. 2015 
Lasioglossum costulatum KJ836497 Schmidt et al. 2015 
Lasioglossum cupromicans KJ837001 Schmidt et al. 2015 
Lasioglossum discum KJ839117 Schmidt et al. 2018 
Lasioglossum euboeense KJ838441 Schmidt et al. 2018 
Lasioglossum fratellum HQ954751 Schmidt et al. 2015 
Lasioglossum fulvicorne KJ838123 Schmidt et al. 2015 
Lasioglossum glabriusculum KJ836659 Schmidt et al. 2015 
Lasioglossum griseolum KJ838447 Schmidt et al. 2015 
Lasioglossum intermedium KJ838212 Schmidt et al. 2015 
Lasioglossum interruptum KJ839609 Schmidt et al. 2018 
Lasioglossum laevigatum HQ954752 Schmidt et al. 2018 
Lasioglossum laticeps KJ837829 Schmidt et al. 2018 
Lasioglossum lativentre KJ837839 Schmidt et al. 2015 
Lasioglossum leucopus KJ839703 Schmidt et al. 2015 
Lasioglossum leucozonium KT074054 Schmidt et al. 2018 
Lasioglossum limbellum KJ839645 Schmidt et al. 2015 
Lasioglossum lineare KJ837027 Schmidt et al. 2018 
Lasioglossum lissonotum KJ839702 Schmidt et al. 2015 
Lasioglossum lucidulum KJ836604 Schmidt et al. 2015 
Lasioglossum majus KJ839149 Schmidt et al. 2018 
Lasioglossum malachurum GU706051 Schmidt et al. 2018 
Lasioglossum marginatum HM401258 Schmidt et al. 2018 
Lasioglossum marginellum KJ838806 Schmidt et al. 2015 
Lasioglossum minutissimum KJ837045 Schmidt et al. 2015 
Lasioglossum minutulum KJ838016 Schmidt et al. 2015 
Lasioglossum morio GU706057 Schmidt et al. 2015 
Lasioglossum nigripes HM401251 Schmidt et al. 2018 
Lasioglossum nitidiusculum KT074055 Tang et al. 2017 
Lasioglossum nitidulum KJ837376 Schmidt et al. 2015 
Lasioglossum pallens KJ839719 Schmidt et al. 2015 
Lasioglossum parvulum HM376230 Schmidt et al. 2015 
Lasioglossum pauperatum HQ948112 Schmidt et al. 2015 
Lasioglossum pauxillum KT164647 Tang et al. 2017 
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Lasioglossum pleurospeculum HQ948114 Schmidt et al. 2015 
Lasioglossum politum KJ838762 Schmidt et al. 2015 
Lasioglossum punctatissimum HM376229 Schmidt et al. 2015 
Lasioglossum puncticolle HM401255 Schmidt et al. 2015 
Lasioglossum pygmaeum KJ836931 Schmidt et al. 2015 
Lasioglossum 
quadrinotatulum 
KJ839622 
Schmidt et al. 2015 
Lasioglossum quadrinotatum KX374818 unpublished 
Lasioglossum rufitarse JN272460 Schmidt et al. 2015 
Lasioglossum sabulosum KJ838136 Schmidt et al. 2015 
Lasioglossum semilucens KJ837659 Schmidt et al. 2015 
Lasioglossum setulosum KJ837830 Schmidt et al. 2015 
Lasioglossum sexmaculatum KJ839463 Schmidt et al. 2015 
Lasioglossum sexnotatum KJ838091 Schmidt et al. 2015 
Lasioglossum sexstrigatum HQ954761 Schmidt et al. 2015 
Lasioglossum 
smeathmanellum 
KT074061 Tang et al. 2017 
Lasioglossum subfasciatum KJ839824 Schmidt et al. 2015 
Lasioglossum subfulvicorne HQ948016  Schmidt et al. 2015 
Lasioglossum tricinctum KJ838157 Schmidt et al. 2015 
Lasioglossum villosulum GU705888 Schmidt et al. 2015 
Lasioglossum virens KJ839379 Schmidt et al. 2015 
Lasioglossum xanthopus KJ836625 Schmidt et al. 2015 
Lasioglossum zonulum KJ838322 Schmidt et al. 2018 
Lithurgus chrysurus KJ836731 Schmidt et al. 2015 
Macropis europaea GU706049 Schmidt et al. 2018 
Macropis fulvipes KJ838021 Schmidt et al. 2018 
Megachile albisecta KJ839743 Schmidt et al. 2015 
Megachile alpicola KJ838895 Schmidt et al. 2015 
Megachile analis M401190 Schmidt et al. 2015 
Megachile apicalis KJ837288 Schmidt et al. 2015 
Megachile centuncularis HM401192 Schmidt et al. 2015 
Megachile circumcincta GU705984 Schmidt et al. 2015 
Megachile deceptoria KJ836416 Schmidt et al. 2018 
Megachile ericetorum GU705988  Schmidt et al. 2015 
Megachile flabellipes KJ836765 schmidt et al. 2015 
Megachile genalis HM401106 Schmidt et al. 2015 
Megachile lagopoda HM401107 Schmidt et al. 2015 
Megachile lapponica HQ948055 Schmidt et al. 2015 
Megachile leachella HM401112 schmidt et al. 2015 
Megachile ligniseca GU705995 Schmidt et al. 2015 
Megachile maritima HM401117 Schmidt et al. 2015 
Megachile melanopyga HM401121 Schmidt et al. 2015 
Megachile nigriventris GU705992 Schmidt et al. 2015 
Megachile opacifrons KJ838937  schmidt et al. 2015 
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Megachile parietina HM401125 Schmidt et al. 2015 
Megachile pilidens GU705996 Schmidt et al. 2015 
Megachile pyrenaea HM401130 Schmidt et al. 2015 
Megachile pyrenaica KJ838168 Schmidt et al. 2015 
Megachile rotundata GU706002  schmidt et al. 2015 
Megachile rufescens KJ838680 Schmidt et al. 2015 
Megachile versicolor KJ836926 Schmidt et al. 2015 
Megachile willughbiella GU706003  Schmidt et al. 2015 
Melecta albifrons KJ838618   Schmidt et al. 2015 
Melecta luctuosa KJ839507 Schmidt et al. 2015 
Melitta dimidiata KJ837102 Schmidt et al. 2015 
Melitta haemorrhoidalis GU706046 Schmidt et al. 2015 
Melitta leporina KJ837410 Schmidt et al. 2015 
Melitta nigricans KJ839607 Schmidt et al. 2015 
Melitta tricincta KJ838749 Schmidt et al. 2015 
Melitturga clavicornis KJ836607 Schmidt et al. 2015 
Nomada alboguttata KJ838522 Schmidt et al. 2015 
Nomada argentata KJ838360 Schmidt et al. 2015 
Nomada armata KJ836882 Schmidt et al. 2015 
Nomada atroscutellaris KJ838079 Schmidt et al. 2015 
Nomada bifasciata HM401039 Schmidt et al. 2015 
Nomada bluethgeni HQ948021 Schmidt et al. 2015 
Nomada castellana KJ837163 Schmidt et al. 2015 
Nomada conjungens KJ837916 Schmidt et al. 2015 
Nomada distinguenda KJ836592 Schmidt et al. 2015 
Nomada emarginata KJ836575 Schmidt et al. 2015 
Nomada fabriciana GU706016 Schmidt et al. 2015 
Nomada facilis HM401068 Schmidt et al. 2015 
Nomada femoralis HM401070 Schmidt et al. 2015 
Nomada ferruginata KJ836584 Schmidt et al. 2015 
Nomada flava GU706019 Schmidt et al. 2015 
Nomada flavoguttata KJ836513 Schmidt et al. 2015 
Nomada flavopicta HM401073 Schmidt et al. 2015 
Nomada fucata KT074069 Schmidt et al. 2015 
Nomada fulvicornis GU706024 Schmidt et al. 2015 
Nomada furva KJ837852 Schmidt et al. 2015 
Nomada fuscicornis HM401086 Schmidt et al. 2015 
Nomada glabella KJ837655 Schmidt et al. 2015 
Nomada goodeniana KT164660 Zheng et al. 2018 
Nomada guttulata HQ948030 Schmidt et al. 2015 
Nomada hirtipes GU706039 Schmidt et al. 2015 
Nomada integra KJ837492 Schmidt et al. 2015 
Nomada kohli HQ948035 Schmidt et al. 2015 
Nomada lathburiana KJ837412 Schmidt et al. 2015 
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Nomada leucophthalma GU706027 Schmidt et al. 2015 
Nomada marshamella GU706032 Schmidt et al. 2015 
Nomada melathoracica HQ948037 Schmidt et al. 2015 
Nomada meridionalis KJ837880 Schmidt et al. 2015 
Nomada minuscula KJ837068 Schmidt et al. 2015 
Nomada moeschleri HM401079 Schmidt et al. 2015 
Nomada mutabilis KJ837610 Schmidt et al. 2015 
Nomada mutica KJ838713 Schmidt et al. 2015 
Nomada nobilis KJ836654 Schmidt et al. 2015 
Nomada obscura KJ837640 Schmidt et al. 2015 
Nomada obtusifrons KJ836639 Schmidt et al. 2015 
Nomada opaca HM401080 Schmidt et al. 2015 
Nomada panzeri KJ837799 Schmidt et al. 2015 
Nomada pleurosticta KJ836589 Schmidt et al. 2015 
Nomada posthuma KJ837409 Schmidt et al. 2015 
Nomada rhenana KJ838920 Schmidt et al. 2015 
Nomada roberjeotiana KJ837507 Schmidt et al. 2015 
Nomada rostrata KJ839808 Schmidt et al. 2015 
Nomada ruficornis KT164649 Schmidt et al. 2015 
Nomada rufipes KJ838388 Schmidt et al. 2015 
Nomada sexfasciata KJ837270 Schmidt et al. 2015 
Nomada sheppardana KJ83747 Schmidt et al. 2015 
Nomada signata HM401085 Schmidt et al. 2015 
Nomada similis HM401087 Schmidt et al. 2015 
Nomada stigma KJ837336 Schmidt et al. 2015 
Nomada striata KJ836473 Schmidt et al. 2015 
Nomada succincta GU706045 Schmidt et al. 2015 
Nomada symphyti KJ839448 Schmidt et al. 2015 
Nomada tormentillae HQ948039 Schmidt et al. 2015 
Nomada villosa KJ836467 Schmidt et al. 2015 
Nomada zonata HM401090 Schmidt et al. 2015 
Nomia diversipes KJ837536 Schmidt et al. 2015 
Nomioides facilis KJ838426 Schmidt et al. 2015 
Nomioides minutissimus KJ839479 Schmidt et al. 2015 
Osmia alticola KJ839450  Schmidt et al. 2015 
Osmia andrenoides HM401197 Schmidt et al. 2015 
Osmia aurulenta KJ837026 Schmidt et al. 2015 
Osmia bicolor KJ839576 Schmidt et al. 2015 
Osmia bicornis GU705983 Schmidt et al. 2015 
Osmia brevicornis HM401200 Schmidt et al. 2015 
Osmia caerulescens KT074074 Tang et al. 2017 
Osmia cerinthidis KC709832 Haider et al. 2013 
Osmia cornuta KJ836461 Schmidt et al. 2015 
Osmia gallarum KJ836777 Schmidt et al. 2015 
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Osmia inermis HM401203 Schmidt et al. 2015 
Osmia latreillei KJ837570 Schmidt et al. 2015 
Osmia leaiana HM401204  Schmidt et al. 2015 
Osmia melanogaster HM401210 Schmidt et al. 2015 
Osmia mustelina KJ838242  Schmidt et al. 2015 
Osmia nigriventris KJ839628 Schmidt et al. 2015 
Osmia niveata KJ838274 Schmidt et al. 2015 
Osmia parietina HM401222 Schmidt et al. 2015 
Osmia pilicornis KJ839236 Schmidt et al. 2015 
Osmia rufohirta KJ836740 Schmidt et al. 2015 
Osmia saxicola KJ836508 Schmidt et al. 2015 
Osmia spinulosa HM376215 Schmidt et al. 2015 
Osmia submicans KJ836956 Schmidt et al. 2015 
Osmia uncinata HM401230   Schmidt et al. 2015 
Osmia versicolor KJ838819 Schmidt et al. 2015 
Osmia viridana KJ837269 Schmidt et al. 2015 
Osmia xanthomelana KJ836953 Schmidt et al. 2015 
Panurginus herzi KJ838943 Schmidt et al. 2015 
Panurginus montanus HQ948095 Schmidt et al. 2015 
Panurginus sericatus KJ837895 Schmidt et al. 2015 
Panurgus banksianus KJ837192 Schmidt et al. 2015 
Panurgus calcaratus GU705956 Schmidt et al. 2015 
Panurgus dentipes KJ836713 Schmidt et al. 2015 
Pseudoanthidium melanurum KJ838568 Schmidt et al. 2015 
Pseudoanthidium scapulare KJ836523 Schmidt et al. 2015 
Rhodanthidium caturigense KJ836719 Schmidt et al. 2015 
Rhodanthidium 
septemdentatum KJ838285 Schmidt et al. 2015 
Rophites algirus KJ839593 Schmidt et al. 2015 
Rophites quinquespinosus KJ839028 Schmidt et al. 2015 
Sphecodes albilabris GU705920 Schmidt et al. 2018 
Sphecodes alternatus KJ837938 Schmidt et al. 2018 
Sphecodes crassanus KJ838632 Schmidt et al. 2018 
Sphecodes crassus GU705945 Schmidt et al. 2018 
Sphecodes cristatus JX256667 Habermannová et al. 2013 
Sphecodes croaticus KJ836647 Schmidt et al. 2018 
Sphecodes ephippius KT074079 Schmidt et al. 2018 
Sphecodes ferruginatus KJ837622 Schmidt et al. 2018 
Sphecodes geoffrellus KJ837236 Schmidt et al. 2018 
Sphecodes gibbus KJ836803 Schmidt et al. 2018 
Sphecodes hyalinatus KJ837294 Schmidt et al. 2018 
Sphecodes longulus KJ836681 Schmidt et al. 2018 
Sphecodes majalis KJ837051 Schmidt et al. 2018 
Sphecodes marginatus KJ839540 Schmidt et al. 2018 
Sphecodes miniatus KJ836506 Schmidt et al. 2018 
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Sphecodes niger KJ836693 Schmidt et al. 2018 
Sphecodes pellucidus KT074080 Tang et al. 2017 
Sphecodes puncticeps KT074081 Schmidt et al. 2018 
Sphecodes reticulatus KJ837577 Schmidt et al. 2018 
Sphecodes rubicundus HQ563095 Schmidt et al. 2018 
Sphecodes ruficrus KJ836476 Schmidt et al. 2018 
Sphecodes rufiventris KJ837280 Schmidt et al. 2018 
Sphecodes scabricollis KJ838552 Schmidt et al. 2015 
Sphecodes schenckii KJ836762 Schmidt et al. 2018 
Sphecodes spinulosus KJ839610 Schmidt et al. 2015 
Stelis breviuscula KJ838642 Schmidt et al. 2015 
Stelis franconica KJ838642 Schmidt et al. 2015 
Stelis minima HQ948107 Schmidt et al. 2015 
Stelis minuta KJ836896 Schmidt et al. 2015 
Stelis nasuta KJ839749 Schmidt et al. 2015 
Stelis odontopyga HM401240 Schmidt et al. 2015 
Stelis ornatula KJ836690 Schmidt et al. 2015 
Stelis punctulatissima HM401242 Schmidt et al. 2015 
Stelis signata KJ838629 Schmidt et al. 2015 
Systropha curvicornis KJ836819 Schmidt et al. 2018 
Systropha planidens KJ836726 Schmidt et al. 2018 
Tetralonia malvae KJ836698 Schmidt et al. 2015 
Tetraloniella dentata KJ836577 Schmidt et al. 2015 
Tetraloniella salicariae KJ836760 Schmidt et al. 2015 
Thyreus histrionicus HQ948099  Schmidt et al. 2015 
Thyreus orbatus HM401239  Schmidt et al. 2015 
Trachusa byssina KJ838247 Schmidt et al. 2015 
Xylocopa iris HM401103 Schmidt et al. 2015 
Xylocopa violacea KJ836969 Schmidt et al. 2015 
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DNA extraction, amplification and sequencing 
For DNA extraction, the QIAGEN DNeasy®-Blood and Tissue Kit (Qiagen GmbH, Hilden, 
Germany) was used. DNA was extracted from one leg per bee, following the QIAGEN 
Quick-Start Protocol (January 2011) for tissue with two modifications: The legs were 
incubated in Lysis Buffer (ATL) and Proteinase K for at least 48 h at room temperature and 5 
– 10 hours at 56°C. To increase DNA concentration elution was performed in 100 µL elution 
Buffer (PE; 5 mM Tris/HCL pH 8.5). The mitochondrial gene fragment of the cytochrome c 
oxidase (COI) with a 658 bp target region near the 5´terminus of COI was amplified using the 
primers described in Schmidt et al. (2015)
1
, viz. COIfor (ATT CAA CCA ATC ATA AAG 
ATA TTG G) and COIrev (TAA ACT TCT GGA TGT CCA AAA AAT CA). For halictid 
bees, including Lasioglossum, we used COIrev and a forward primer Hym-COI-F (TAA GAA 
TAA TTA TTC GWA TAG AAT TAA G provided by Hanno Schäfer, Technical University 
Munich). Lasioglossum bees often are infested with Wolbachia, which can affect DNA-
barcoding with standard primers (Smith et al. 2012)
2
. Polymerase chain reactions (PCR) were 
performed using standard conditions. Amplified products were sequenced on an ABI 3100 
                                                          
1 Schmidt S, Schmid-Egger C, Morinière J, Haszprunar G, Hebert PDN. 2015. DNA barcoding largely supports 
250 years of classical taxonomy: identifications for Central European bees (Hymenoptera, Apoidea partim). 
Molecular Ecology Resources 15:985–1000. 
 
2
 Smith MA et al. 2012. Wolbachia and DNA Barcoding Insects: Patterns, Potential, and Problems. PLOS ONE 
7:e36514. 
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Avant capillary sequencer (Applied Biosystems), and forward and reverse sequences were 
manually edited and assembled, using Sequencher 5.1 (Gene Codes Corporation, Ann Arbor, 
Michigan, USA) and BLAST-search in GenBank. All bee species sequenced for this study 
have been previously barcoded for the GBOL-project, thus reference sequences were 
available in NCBI GenBank through the following DOIs: dx.doi.org/10.5883/DS-GBAPI and 
dx.doi.org/10.5883/DS-GBAPS. A total of 44 sequences were generated for this study. When 
several individuals of the same species were identified via barcoding, only a single reference 
sequence was deposited in GenBank (for Accession Numbers see Table S2). Bombus 
sequences were not deposited, because the bee voucher specimens were partly decayed and 
could not be deposited in the Munich zoological collections. 
 
List of Apoidea voucher specimens with sample ID, location, date of collection, and GenBank 
accession number 
Species Sample ID Location  Date of 
collection 
Accession 
number 
Halictus rubicundus Hofmann BGM 10 At the lake 04.08.2016 KX904816 
Halictus subauratus Hofmann BGM 11 Gardeners’ area 04.08.2016 KX904817 
Lasioglossum 
calceatum 
Hofmann BGM 8 Ornamentals  08.08.2016 KX904814 
Lasioglossum 
laticeps 
Hofmann BGM 5 Alpine 
collection 
31.08.2016 KX904811 
Lasioglossum morio Hofmann BGM 4 Alpine 
collection 
31.08.2016 KX904810 
Lasioglossum 
villosulum 
Hofmann BGM 9 Ornamentals 02.08.2016 KX904815 
Nomada fabriciana Hofmann BGM 1 Steppe 28.03.2016 KX904807 
Nomada 
flavoguttata 
Hofmann BGM 2 Steppe 01.04.2016 KX904808 
Osmia cornuta Hofmann BGM 3 Nesting aid at 
the Iris display 
03.04.2016 KX904809 
Sphecodes ephippius Hofmann BGM 12 System 04.07.2016 KX904818 
Sphecodes 
ferruginatus 
Hofmann BGM 7 System 20.05.2016 KX904813 
Sphecodes 
monilicornis 
Hofmann BGM 6 Steppe 06.05.2016 KX904812 
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M. M. Hofmann and S. S. Renner: Bee species persistence and increase between 1990 and 2018 in 
urban protected sites - Appendix S3: Tables S1 and S2. 
 
Table S1: Coefficient estimates and beta estimate +95% confidence intervals for the effects of the 
predictor variables in the flight duration (in months) and flight season models (early, late, medium), 
with presence at T0 (1990s), habitat breadth (narrow: one or habitats vs. broad: three to six), and 
median flight duration being the reference variables. Confidence intervals were calculated using the 
“Confint”-function of the package “car” (Fox and Weisberg, 2019). Intervals not overlapping 0 are 
printed bold. 
 
Predictor variable Flight duration  Flight season 
All sites   
Absence at T0 2.10 (1.56; 2.65) 2.16 (1.62; 2.72) 
Narrow habitat preference - 0.71 (- 0.12; - 1.31) - 0.78 (- 1.38; - 0.18) 
Flight duration 0.14 (- 0.02; 0.30) --- 
Early flight season --- 0.34 (- 0.82; 1.46) 
Late flight season --- - 0.29 (- 0.98; 0.38) 
Allach   
Absence at T0 2.13 (1.50; 2.83) 2.24 (1.60; 2.95) 
Narrow habitat preference - 1.06 (- 1.88; - 0.31) - 1.04 (- 1.88; - 0.28) 
Flight duration 0.15 (- 0.13; 0.32) --- 
Early flight season --- - 1.17 (- 3.11; 0.29) 
Late flight season --- - 0.44 (- 1.25; - 0.32) 
Virginia Depot    
Absence at T0 2.18 (1.39; 3.00) 2.3 (1.55; 3.12) 
Narrow habitat preference - 0.011 (- 0.89; 0.84) - 0.20 (- 1.10; 0.66) 
Flight duration 0.095 (- 0.10; 0.30) --- 
Early flight season --- 0.015 (- 1.95; 1.48) 
Late flight season --- 0.66 (- 0.22; 1.50) 
Botanical Garden   
Absence at T0 2.68 (2.04; 3.38) 2.76 (2.11; 3.45) 
Narrow habitat preference - 0.97 (- 1.65; - 0.32) - 1.00 (- 1-67; - 0.35) 
Flight duration - 0.012 (- 0.18; 0.16) --- 
Early flight season --- 1.08 (-0.05; 2.14) 
Late flight season --- - 0.060 (- 0.84; 0.69) 
 
Fox J, Weisberg S (2019). An R companion to applied regression, Third edition. Sage, Thousand Oaks 
CA. https://socialsciences.mcmaster.ca/jfox/Books/Companion/. 
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Table S2: Accuracy of predictions of the presence and absence of species (n = 319) at the 
investigated sites at T1 (2017/2018) using the predictors presence/absence at T0 (1990s), habitat 
breadth, flight duration, and flight season, and pairwise interaction terms among them. Model 
accuracy was calculated as (true positives + true negatives) / total pool. 
 
Models Classification rate Incorrect prediction 
“present” (type I 
error) 
Incorrect prediction 
“absent” (type II error) 
All sites    
Flight duration  245 (77 %) 43 (13 %) 31 (10 %) 
Flight season 242 (76 %) 39 (12 %) 38 (12 %) 
Allach    
Flight duration  224 (70 %) 12 (4 %) 83 (26 %) 
Flight season 229 (72 %) 21 (7 %) 69 (22 %) 
Virginia Depot    
Flight duration 193 (61 %) 0 (0%) 126 (39 %) 
Flight season 188 (59 %) 1 (0.3 %) 130 (41 %) 
Botanical Garden    
Flight duration 243 (76 %) 9 (3 %) 67 (21 %) 
Flight season 243 (76 %) 9 (3 %) 67 (21 %) 
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Figure 3. Numbers of species and individuals recorded between 1997 and 2017 within a radius of 
500, 1000, and 1500 m from the centre of the respective flower strip (compare Fig. 1). For details of 
how past recordings were made see Materials and Methods. 
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Figure 4. The percentage of bee species recorded at each flower strip that is also found in the 
surrounding area at distances of 500, 1000, and 1500 m. 
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Abstract 
Gravel pits, both in active use and restored, provide important replacement habitats and nesting 
requisites for wild bees formerly specialized in nesting in dynamic fluvial landscapes. Species 
inventories in six Central European gravel pits report 239 species of wild bees, and this study 
found 48 species of wild bees and the domesticated Apis mellifera in the refilled section of the 
Obermayr gravel pit in Riem, Munich. The tested inventory method of in-situ photo-
documentation, instead of voucher specimen collection, is feasible for most bee families, but is 
not applicable for Halictidae and some small nomad bees (genus Nomada) or mini-miners 
(Andrena subgenus Micrandrena), as well as species complexes in the genus Bombus. 
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Introduction 
Dynamic riverside landscapes are an important habitat for various wild bee species (Völkl et al. 
2002), but became increasingly rare in Central Europe. An assessment of more than 76.000 km 
of watercourses in Germany, conducted by the water management authorities of the federal 
states, showed that only 1.6 % of the rivers are in their natural state, another 6.2 % are only 
slightly modified and 11.9 % moderately changed, the rest falls in the classes considerably, 
strongly, very strongly or completely changed (Arle et al. 2017).  Thus, many of the bee species 
naturally specialized on riverside habitats are nowadays found in sand and gravel pits instead 
(Escher 1974, Westrich 2018), as these provide manifold different niches, like deep and shallow 
ponds, accumulations of clay, sand, gravel, rocks, shrubland and steep faces (Krebs and 
Wildermuth 1976) – especially for many soil-nesting bees species, the presence of open, poorly 
vegetated, freshly exposed soils is an essential habitat demand (Westrich 1989, Falk 2015). The 
continuous de-novo succession of the habitat through ongoing gravel extraction simulates 
landscape dynamics typically induced in erosion banks and river landscapes by flooding events 
and fluvial erosion cycles (Meisterhans and Heusser 1970, Krebs and Wildermuth 1976). 
Inventories conducted in actively used and restored gravel pits in Central Europe identified 239 
species of wild bees for this habitat (see Results section Tables 1 and 2 for references).   
 The gravel pit of the Obermayr Company in the East of Munich offers both renatured 
areas and areas which are still mined for sand and gravel. This study focused on a living bee 
inventory in the non-active parts of the gravel pit, applying a standardized in-situ photo-
documentation, and vouchers were only collected for those taxonomically critical genera where 
determination in the field was not possible. Besides producing a species inventory for the 
Obermayr gravel pit in Riem, this study aimed to test the feasibility of using a non-invasive 
species determination based on bee specimen photography in the field instead of voucher 
collection. With current projects like the “Bundesprogramm Biologische Vielfalt – Schwerpunkt 
Sichern von Ökosystemdienstleistungen” of the Federal Office for Nature Conservation (BfN) 
and the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU), 
non-invasive monitoring methods become increasingly important and the possibility of reliable, 
reproducible documentation fulfilling scientific standards without specimen collection needs to 
be tested. 
 
Material and methods 
Species list for Central European gravel pits 
 
We are aware of five published studies which have monitored wild bees in gravel pits (Table 1). 
Additionally, we requested an unpublished report for another Munich gravel pit located in the 
East of Munich (Trudering). The species lists within these studies were compiled and a list of 
239 species recorded in gravel pits was generated (Table 2). The honey bee Apis mellifera was 
excluded from the analyses, as this is a domesticated and ubiquist species. Each found study was 
scanned for the following information: (i) Where and when was the study conducted? (ii) Which 
sampling technique was used? (iii) Which taxa were found? If the information was not directly 
clear from the published material, the authors were contacted via email. 
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Study site “Kiesgrube Obermayr” 
“Kiesgrube Obermayr” is situated in the East of Munich, in Riem at N48°8.833140´ 
E11°42.608280´ 520 m a.s.l.. While the southern part is still an active gravel pit, the northern 
part is refilled and maintained as an open-soil and nutrient-poor grassland site. The area is not 
open to the public and is maintained by the Landesbund für Vogelschutz (LBV) and the 
municipal department (Kommunalreferat). It borders to the Munich Trade Fair Center in the 
Southwest, a transshipment station in the West and arable fields to all other directions. Until 
2004, the northern area had still been in active use as gravel pit, and then was refilled with 
several soil types. There are two experimental fields with washed dry mud (middle and eastern 
part), a fine sediment resulting from washing gravel, and washed sand, a sandy material also 
resulting from the washing process with fine cohesive components (H. Sedlmeier, pers. com.). 
The steep face in the northern part of the biotope also consists of this washed sand. Unwashed 
gravel had been piled up to several walls and hills at the site. There is also a south-east-facing 
wall of demolished concrete that is not covered by vegetation. In the middle of the biotope there 
is railroad basalt disposed from the railroad tracks of former Neuaubing station. The bigger 
stones probably originated from the alpine upland. Loamy gravel derived from the topsoil 
removed for gravel extraction forms the hills in the south and the smaller walls in the 
northeastern and northern part of the biotope, these artificial hills are sparsely covered by woody 
vegetation, mainly consisting of willows (Salix spp., Salicaceae). The rest of the area is covered 
by a thin, compressed loam-gravel-layer on building rubble. Flat areas, hills, and ponds create a 
highly-structured area (Figure 1). The area’s flora (> 545 documented species found during 
species monitorings from 2003 – 2016; a list excluding threatened taxa is available via the LBV 
administration) and its butterfly, grasshopper, and beetle fauna (see biotope reports available via 
the LBV administration) are extremely rich. Herbaceous plants and grasses were reintroduced by 
autochthonous transfer of mowed material from nearby dry grassland habitats of Munich, and 
Hippophae rhamnoides, Sorbus aucuparia and various Rosa sp., all of Munich provenance, had 
been actively planted by the LBV. Hundreds of trees and shrubs of eight Salix species have 
established by themselves (H. Sedlmeier, pers. com.).  
 
Species inventory 
 
Between the 14
th
 of March and the 8
th
 of August 2017, the Obermayr gravel pit was visited by 
the first author in regular intervals (every 2-3 weeks), the initial spring species survey was 
conducted by both authors. Monitoring walks were conducted between 10 am and 4 pm on 
sunny, warm days with little or no wind. The mapping did not follow a strict route, but bees were 
searched for on flowers and nesting requisites. If possible, species were identified directly in the 
field and were documented via macro-photography in a standardized setup: for detailed pictures, 
the bees were caught with an insect net and cooled down for 10 minutes in an Eppendorf cupped 
plastic vial stored on ice in a cooled box. When the bees fell into rigor of cold, they were 
transferred onto scale paper (using a small box lined with millimeter paper on its bottom) and 
photographed from all sides (SLR camera: Pentax K-x; Lens: Sigma DG 17-70 mm, 1:2.8, 
macro), carefully turning them by hand or using a pair of watchmaker’s tweezers (see Figure 2 as 
an example of such a photo voucher). Within one to two minutes, they warmed up again and 
were released at the location they were also caught. For species that are taxonomically difficult 
to distinguish by morphology alone, like most members of the genera Sphecodes, Lasioglossum 
or Halictus, voucher specimens, preferably males (for morphological re-identification by 
genitalia preparations), were collected and identified morphologically and via DNA barcoding 
(methods and primers as described in Hofmann et al. 2018). Photo vouchers are accessible via 
the Diversity Workbench (DWB) server, DNA barcodes were uploaded to NCBI GenBank (see 
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Table 3 for GenBank Accession Numbers and DWB Accessions). The voucher specimens are 
deposited in the Zoologische Staatssammlung Munich (ZSM). 
Additionally, we included species records from 2016 provided by M. Bräu in the species 
list. The domesticated honey bee Apis mellifera was abundantly observed at the Kiesgrube 
Obermayr, but not included in the species list. 
 
 
Results 
We found six studies with wild bee species lists for Central European gravel pits (Table 1). In 
these studies, 239 species were documented (Table 2). Of these, 108 species were reported by 
only one study, while 131 were reported in at least two different studies (two studies: 59 spp., 
three studies: 48 spp., four studies: 17 spp., five studies: 6 spp., all six studies: 1 spp.). Of the 
239 species with records published from gravel pits, 184 are also native in the Munich area (M. 
Bräu, pers. com.).           A total 
of 48 species were found in the survey area (see Table 3). 29 were documented via standardized 
in-situ photography, eight via DNA-barcoding, and 3 species were observed. Eight of theses 
have also been recorded by M. Bräu in 2016, and an additional six species had been documented 
in 2016, but were not seen in 2017. Amongst the observed species, four were oligolectic, 33 
polylectic and eleven were cuckoo bees. Of the non-parasitic bees eleven nested above ground, 
five above and below ground and 32 below ground. A Megachile female could not be identified 
to species level, as the pollen brush was full and the colors relevant for determination were not 
visible. A Megachile male voucher (KGO-00081) was unclear, as coxa 1 and tergite 6 were not 
visible. Most likely it was a Megachile rotundata male, but it cannot be excluded that it was 
another species, thus we did not include it in our list.  The photo voucher of Megachile cf. 
versicolor could also be Megachile centuncularis, as a definite separation of these two species is 
only possible via examination of the genitalia, but the redish tarsal segments hint towards M. 
versicolor (KGO-00021). The same applies for the Halictus confusus/tumulorum complex, the 
photo voucher was not unambiguous, but here we can confirm the presence of H. tumulorum via 
DNA barcoding (voucher MG792009). For one Hylaeus voucher, we strongly suspect it to be H. 
nigritus, but we lack a photo of sufficient quality of the face in frontal view to say for sure 
(KGO-00039). For Andrena, we had photo vouchers of one male and three females, where 
relevant features were not visible and they thus could not be identified. In total, 12% of the photo 
vouchers (excluding Halictus, Lasioglossum and Sphecodes pictures) were not identifiable to 
species level.        
 
Discussion 
With at least 48 species, the gravel pit Obermayr is an important wild bee habitat in the East of 
Munich, especially for ground-nesting species. In Germany, Austria and Switzerland, 50% of the 
bees are nesting in self-burrowed tunnels in the ground and 19% in hollow spaces which can be 
aboveground or underground (Zurbuchen and Müller 2012, p.57; Westrich 2018), but for the 
gravel pit the proportion ranges at 79%. This should be considered when it comes to the refill of 
idle gravel pits. By maintaining some open soil sites, they can enrich the landscape by providing 
nesting sites for wild bees. Moreover, if hollows and puddles hold the water, renatured gravel 
pits are important spawn habitats for amphibians (Escher 1974), and steep walls can serve 
swallows as nest sites (Wagner 1969), and such sites also have a high conservation value for 
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butterflies (Lenda et al. 2011). With some planning effort, the conservation value of abandoned 
gravel pits can be strongly increased.       
 Photo-documentation in-situ instead of voucher collection proved feasible for most wild 
bee genera, but nevertheless taxonomic skills are necessary to be able to recognize bee sex and 
genera in the field, to be aware which different features need to be photographed or focused on 
in males and females and in different genera (see Table 4 for examples). The method is 
problematic for species from the genera Sphecodes, Lasioglossum and Halictus, but also in 
certain groups of Andrena, Nomada or Bombus, as some species in these groups differ only in 
minute texture features difficult to document by photography. Generally, small individuals (< 7 
mm) can be problematic for another reason, as the rigor of cold only lasts for about a minute, 
thus time often is not sufficient to get all details documented. Moreover, another limitation to the 
photo-based identification of bee females is that individuals with pollen load usually cannot be 
identified, as the pollen generally obscures the colour of the scopae – hence we chilled down 
only foraging females without pollen load, and did not consider those carrying pollen.  
 Macro photographs need to be of sufficient quality, brightness and especially depth of 
field and resolution to be able to identify microstructures and sculpture on the thorax and 
tergites, thus a good macro lens is required, and if the weather is cloudy, an additional light 
source improves picture quality.         
 The big advantages of in-situ bee photo-documentation are the preservation of live 
individuals’ color information (which is often lost in specimens) and the possibility to share 
voucher information (e.g. with taxonomic specialists) via a cloud, thus it is not necessary to send 
fragile specimens per mail, if the determination needs to be confirmed by a second person. 
However, in comparison with collecting voucher specimens, this method certainly has certain 
limitations and also some disadvantages: firstly, the photographer needs to be quick in taking 
pictures of all relevant features, because the rigor of cold does not last long. Secondly, if pictures 
are not good enough to see the characters you need, there is no chance to go back to the original 
individual, after it was released. Moreover, the time effort in the field is increased compared to 
specimen collection, thus only smaller or fewer sites can be monitored at a time.   
 Although photo-documentation cannot replace voucher collection completely, it can be 
an approach towards non-invasive species documentation (especially in larger bees and easier to 
recognize groups), which becomes increasingly important in times of drastic decreases in many 
insect taxa worldwide (Sánchez-Bayo and Wyckhuys 2019). That bee identification from 
photographs is possible to a certain degree (considering above-mentioned limitations to the 
method), at least in the larger genera (especially Megachilidae), has been repeatedly shown in 
numerous web-based insect identification forums and discussion groups (including social 
media), where good macro-photographs have enabled specialists to securely identify bee taxa to 
genus and even species level, sometimes contributing new regional records with this method 
(e.g., BWARS.com 2018; Wildbienen-Forum 2019; Hummelforum 2019; BugGuide.net 2019). 
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Table 1: Inventories of active and renatured gravel pits in Central Europe, with study 
period and sampling method.  
Site Study period Sampling 
method 
Publication 
inactive gravel pit 
complex in Leverkusen 
 
2000-2005 net sampling [1] Cölln et al. 2012 
former gravel pit Roth in 
Trudering, Munich 
4 monitoring walks 
in 2015; additional 
investigation day in 
2008 
 
net sampling [2] Dubitzky, A. 
(unpublished) 
Ramsar area 
“Baggerweieren” at “Haff 
Réimech”, Luxembourg 
 
1997 to 2004; 209 
monitoring walks 
net sampling [3] Feitz et al. 2006 
gravel pits between Rhine 
and Lake Zurich 
 
N/A N/A [4] Krebs and 
Wildermuth 1976 
closed gravel pit 
Rutzendorf, Lower 
Austria 
2003-2005 and 
2007-2008; four-
weekly rhythm 
net sampling [5] Pachinger and 
Prochazka 2009; with 
additional data from B. 
Pachinger for 2009 and 
later (pers. 
communication) 
 
gravel pit “am Hardtwald 
Durmersheim” south of 
Karlsruhe 
1993 to 2005 net sampling [6] Schiel and 
Rademacher 2008; with 
additional data from A. 
Schanowski for 2007 
(pers. communication) 
 
Table 2: List of wild bees reported for Central European gravel pits. The numbers in 
squared brackets indicate the studies where the species was reported (numbers refer to Table 1). 
Species marked in bold were also found in this study. 
Species Family Study 
Andrena agilissima (Scopoli, 1770)  Andrenidae [3] 
Andrena apicata Smith, 1847  Andrenidae [2] 
Andrena barbilabris (Kirby, 1802) Andrenidae [1,6] 
Andrena bicolor  Fabricius, 1775  Andrenidae [1,2,6] 
Andrena carantonica Pérez, 1902 Andrenidae [1,6] 
Andrena chrysopus Pérez, 1903 Andrenidae [6] 
Andrena chrysosceles (Kirby, 1802)  Andrenidae [3,5] 
Andrena cineraria (Linnaeus, 1758)  Andrenidae [2,3,6] 
Andrena denticulata (Kirby, 1802) Andrenidae [6] 
Andrena dorsata (Kirby, 1802) Andrenidae [1,5,6] 
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Andrena flavipes Panzer, 1798 Andrenidae [1,5,6] 
Andrena fulva (Müller, 1766)  Andrenidae [1,3] 
Andrena fulvata Stoeckhert, 1930 Andrenidae [2] 
Andrena gelriae van der Vecht, 1927 Andrenidae [6] 
Andrena gravida Imhoff, 1832  Andrenidae [2] 
Andrena haemorrhoa (Fabricius, 1781) Andrenidae [1,3,5,6] 
Andrena hattorfiana (Fabricius, 1775)  Andrenidae [3] 
Andrena helvola (Linnaeus, 1758) Andrenidae [2] 
Andrena impunctata Pérez, 1895 Andrenidae [5] 
Andrena intermedia Thomson, 1870  Andrenidae [2] 
Andrena labiata Fabricius, 1781 Andrenidae [1,6] 
Andrena lathyri Alfken, 1899 Andrenidae [6] 
Andrena minutula (Kirby, 1802)  Andrenidae [1,3,6] 
Andrena minutuloides Perkins, 1914 Andrenidae [1,5] 
Andrena mitis Schmiedeknecht, 1883 Andrenidae [6] 
Andrena nigroaenea (Kirby, 1802) Andrenidae [5] 
Andrena nitida (Müller, 1776)  Andrenidae [3] 
Andrena nobilis Morawitz, 1873 Andrenidae [5] 
Andrena oralis Morawitz, 1876 Andrenidae [5] 
Andrena ovatula (Kirby, 1802) Andrenidae [1,5,6] 
Andrena pilipes Fabricius, 1781 Andrenidae [1,5,6] 
Andrena praecox (Scopoli, 1763)  Andrenidae [1,2,6] 
Andrena propinqua Schenck, 1853 Andrenidae [5] 
Andrena proxima (Kirby, 1802) Andrenidae [1] 
Andrena pusilla Pérez, 1903 Andrenidae [6] 
Andrena ruficrus Nylander, 1848  Andrenidae [2] 
Andrena schencki Morawitz, 1866  Andrenidae [3] 
Andrena scita Eversmann, 1852 Andrenidae [5] 
Andrena similis Smith, 1849 Andrenidae [6] 
Andrena simontornyella Noskiewicz, 1939 Andrenidae [5] 
Andrena strohmella Stoeckhert, 1928  Andrenidae [2] 
Andrena subopaca Nylander, 1848  Andrenidae [3,6] 
Andrena symphyti Schmiedeknecht, 1883 Andrenidae [5] 
Andrena vaga Panzer, 1799  Andrenidae [1,2,3,4,6] 
Andrena ventralis Imhoff, 1832 Andrenidae [2] 
Andrena viridescens Viereck, 1916 Andrenidae [6] 
Andrena wilkella (Kirby, 1802) Andrenidae [1,6] 
Anthidiellum strigatum (Panzer, 1805)  Megachilidae [3,4,6] 
Anthidium manicatum (Linnaeus, 1758)  Megachilidae [3] 
Anthidium nanum Mocsary, 1881 Megachilidae [3,5] 
Anthidium oblongatum (Illiger, 1806)  Megachilidae [3] 
Anthidium punctatum Latreille, 1809 Megachilidae [3,5] 
Anthophora bimaculata (Panzer, 1798) Apidae [6] 
Anthophora plumipes (Pallas, 1772)  Apidae [1,2,3,4] 
Anthophora quadrimaculata (Panzer, 1798) Apidae [1] 
Anthophora retusa (Linnaeus, 1758)  Apidae [1,3,6] 
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Bombus hortorum (Linnaeus, 1761) Apidae [1,2,5] 
Bombus humilis Illiger, 1806 Apidae [5,6] 
Bombus hypnorum (Linnaeus, 1758)  Apidae [1,3] 
Bombus lapidarius (Linnaeus, 1758) Apidae [1,2,5,6] 
Bombus lucorum (Linnaeus, 1761) Apidae [1,2,5] 
Bombus pascuorum (Scopoli, 1763) Apidae [1,2,3,5,6] 
Bombus pratorum (Linnaeus, 1761)  Apidae [1,2] 
Bombus rupestris (Fabricius, 1793) Apidae [1,2,6] 
Bombus soroeensis (Fabricius, 1776)  Apidae [2] 
Bombus sylvarum (Linnaeus, 1761) Apidae [3,5,6] 
Bombus terrestris (Linnaeus, 1758) Apidae [1,3,5] 
Bombus vestalis (Geoffroy, 1785) Apidae [1,2,5] 
Camptopoeum frontale (Fabricius, 1804) Andrenidae [5] 
Ceratina chalybea Chevrier, 1872 Apidae [5] 
Ceratina cucurbitina (Rossi, 1792) Apidae [1,3,5,6] 
Ceratina cyanea (Kirby, 1802)  Apidae [1,2,3,4,5,6] 
Chelostoma campanularum (Kirby, 1802) Megachilidae [1,6] 
Chelostoma distinctum (Stöckhert, 1929)  Megachilidae [3,6] 
Chelostoma florisomne (Linnaeus, 1758)  Megachilidae [3] 
Chelostoma rapunculi (Lepeletier, 1841) Megachilidae [1,3,6] 
Coelioxys afra Lepeletier, 1841  Megachilidae [3,6] 
Coelioxys aurolimbata Förster, 1853 Megachilidae [3] 
Coelioxys elongata Lepeletier, 1841 Megachilidae this study 
Coelioxys mandibularis Nylander, 1848 Megachilidae [1] 
Coelioxys quadridentata (Linnaeus, 1758)  Megachilidae [1,3] 
Colletes cunicularius (Linnaeus, 1761)  Colletidae [1,2,3,6] 
Colletes daviesanus Smith, 1846 Colletidae [1,4,5] 
Colletes fodiens (Geoffroy, 1785) Colletidae [1,6] 
Colletes hederae Schmidt and Westrich, 1993  Colletidae [3] 
Colletes similis Schenck, 1853 Colletidae [1,6] 
Dasypoda hirtipes (Fabricius, 1793) Melittidae [3,4,5,6] 
Dioxys tridentata (Nylander, 1848)  Megachilidae [3] 
Epeoloides coecutiens (Fabricius, 1775)  Apidae [3] 
Epeolus variegatus (Linnaeus, 1758)  Apidae [1,3,6] 
Eucera longicornis (Linnaeus, 1758) Apidae [3,5] 
Eucera nigrescens Pérez, 1879  Apidae [3,5,6] 
Eucera pollinosa Smith, 1854 Apidae [5] 
Halictus confusus Smith, 1853 Halictidae [6] 
Halictus eurygnathus Blüthgen, 1931 Halictidae [3] 
Halictus gavarnicus Pérez, 1903 Halictidae [5] 
Halictus kessleri Bramson, 1879 Halictidae [5] 
Halictus langobardicus Blüthgen, 1944  Halictidae [3,6] 
Halictus leucaheneus Ebmer, 1972 Halictidae [6] 
Halictus maculatus Smith, 1848  Halictidae [3,5,6] 
Halictus pollinosus Sichel, 1860 Halictidae [5] 
Halictus quadricinctus (Fabricius, 1777) Halictidae [5,6] 
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Halictus rubicundus (Christ, 1791)  Halictidae [1,3,6] 
Halictus scabiosae (Rossi, 1790)  Halictidae [1,3,6] 
Halictus seladonius (Fabricius, 1794) Halictidae [5] 
Halictus sexcinctus Fabricius, 1775 Halictidae [4,5,6] 
Halictus simplex Bluethgen, 1923 Halictidae [5,6] 
Halictus smaragdulus Vachal, 1895 Halictidae [6] 
Halictus subauratus (Rossi, 1792)  Halictidae [3,5,6] 
Halictus tumulorum (Linnaeus, 1758) Halictidae [1,2,3,5,6] 
Heriades crenulatus Nylander, 1856 Megachilidae [6] 
Heriades truncorum (Linnaeus, 1758) Megachilidae [1,3,5,6] 
Hoplitis acuticornis (Dufour and Perris, 1840)  Megachilidae [3] 
Hoplitis adunca (Panzer, 1798) Megachilidae [5] 
Hoplitis claviventris (Thomson, 1872)  Megachilidae [3] 
Hoplitis leucomelana (Kirby, 1802) Megachilidae [1,2,3,4,5] 
Hoplitis tridentata (Dufour and Perris, 1840)  Megachilidae [3,6] 
Hylaeus angustatus (Schenck, 1859)  Colletidae [3,6] 
Hylaeus annularis (Kirby, 1802)  Colletidae [1,3,6] 
Hylaeus brevicornis Nylander, 1852 Colletidae [1,5,6] 
Hylaeus cardioscapus Cockerell, 1924 Colletidae [5] 
Hylaeus clypearis (Schenck, 1853)  Colletidae [3] 
Hylaeus communis Nylander, 1852 Colletidae [1,6] 
Hylaeus confusus Nylander, 1852  Colletidae [1,2,6] 
Hylaeus cornutus Curtis, 1831  Colletidae [1,3,5] 
Hylaeus difformis (Eversmann, 1852)  Colletidae [3] 
Hylaeus dilatatus (Kirby, 1802) Colletidae [5] 
Hylaeus gibbus Saunders, 1850 Colletidae [5,6] 
Hylaeus gredleri Foerster, 1871 Colletidae [1,3,5,6] 
Hylaeus hyalinatus (Smith, 1842)  Colletidae [1,3,5] 
Hylaeus nigritus (Fabricius, 1798)  Colletidae [3] 
Hylaeus punctatus (Brullé, 1832)  Colletidae [3] 
Hylaeus punctulatissimus Smith, 1842 Colletidae [1] 
Hylaeus signatus (Panzer, 1798)  Colletidae [1,3] 
Hylaeus variegatus (Fabricius, 1798)  Colletidae [3,6] 
Lasioglossum aeratum (Kirby, 1802) Halictidae [5,6] 
Lasioglossum albipes (Fabricius, 1781) Halictidae [6] 
Lasioglossum brevicorne (Schenck, 1869) Halictidae [6] 
Lasioglossum calceatum (Scopoli, 1763)  Halictidae [1,2,3,5,6] 
Lasioglossum clypeare (Schenck, 1853) Halictidae [5] 
Lasioglossum costulatum (Kriechbaumer, 1873)  Halictidae [3,6] 
Lasioglossum discum (Smith, 1853) Halictidae [5] 
Lasioglossum fulvicorne (Kirby, 1802)  Halictidae [3,6] 
Lasioglossum glabriusculum (Moraw., 1872)  Halictidae [3] 
Lasioglossum intermedium (Schenck, 1869)  Halictidae [1.3] 
Lasioglossum interruptum (Panzer, 1798) Halictidae [5] 
Lasioglossum laticeps (Schenck, 1869)  Halictidae [1,3,6] 
Lasioglossum lativentre (Schenck, 1853) Halictidae [3,5,6] 
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Lasioglossum leucopus (Kirby, 1802) Halictidae [1,6] 
Lasioglossum leucozonium (Schrank, 1781)  Halictidae [1,2,3,6] 
Lasioglossum limbellum (Morawitz, 1876)  Halictidae [3,6] 
Lasioglossum lucidulum (Schenck, 1861) Halictidae [6] 
Lasioglossum malachurum (Kirby, 1802) Halictidae [3,4,5,6] 
Lasioglossum minutissimum (Kirby, 1802) Halictidae [1,6] 
Lasioglossum monstrificum (Morawitz, 1891) Halictidae [1] 
Lasioglossum morio (Fabricius, 1793)  Halictidae [1,2,3,5,6] 
Lasioglossum nigripes (Lepeletier, 1841) Halictidae [5] 
Lasioglossum nitidiusculum (Kirby, 1802)  Halictidae [3] 
Lasioglossum pauperatum (Brullé, 1832) Halictidae [6] 
Lasioglossum pauxillum (Schenck, 1853)  Halictidae [1,3,6] 
Lasioglossum politum (Schenck, 1853) Halictidae [5,6] 
Lasioglossum punctatissimum (Schenck, 1853) Halictidae [1,6] 
Lasioglossum puncticolle (Morawitz, 1872) Halictidae [3] 
Lasioglossum quadrinotatulum (Schenck, 1861)  Halictidae [3,6] 
Lasioglossum quadrinotatum (Kirby, 1802) Halictidae [5,6] 
Lasioglossum semilucens (Alfken, 1914)  Halictidae [3] 
Lasioglossum sexnotatum (Kirby, 1802) Halictidae [5,6] 
Lasioglossum sexstrigatum (Schenck, 1869) Halictidae [1,6] 
Lasioglossum trichopygum (Bluethgen, 1923) Halictidae [5] 
Lasioglossum villosulum (Kirby, 1802)  Halictidae [1,3,6] 
Lasioglossum xanthopus (Kirby, 1802) Halictidae [5,6] 
Lasioglossum zonulum (Smith, 1848) Halictidae [5,6] 
Macropis europaea Warncke, 1973  Melittidae [3] 
Megachile alpicolaAlfken, 1924 Megachilidae [6] 
Megachile centuncularis (Linnaeus, 1758) Megachilidae [1,6] 
Megachile circumcincta (Kirby, 1802)  Megachilidae [1,2,3] 
Megachile ericetorum Lepeletier, 1841  Megachilidae [1,2,3] 
Megachile lagopoda (Linnaeus, 1761) Megachilidae [5] 
Megachile ligniseca (Kirby, 1802)  Megachilidae [3] 
Megachile nigriventris Schenk, 1869 Megachilidae [2] 
Megachile parietina (Geoffroy, 1785) Megachilidae [4] 
Megachile pilidens Alfken, 1924  Megachilidae [1,3,6] 
Megachile rotundata (Fabricius, 1787) Megachilidae [6] 
Megachile versicolor Smith, 1844 Megachilidae [1,2,5] 
Megachile willughbiella (Kirby, 1802)  Megachilidae [1,3,4,5] 
Melecta albifrons (Forster, 1771) Apidae [4] 
Melitta leporina (Panzer, 1799)  Melittidae [1,3,5,6] 
Melitta nigricans Alfken, 1905 Melittidae [3] 
Nomada alboguttata Herrig-Schaeffer, 1839  Apidae [1,3,5,6] 
Nomada bifasciata Olivier, 1811 Apidae [3] 
Nomada fabriciana (Linnaeus, 1767)  Apidae [1,2,3,6] 
Nomada ferruginata (Linnaeus, 1767)  Apidae [2,3] 
Nomada flava Panzer, 1798  Apidae [1,3,6] 
Nomada flavoguttata (Kirby, 1802)  Apidae [1,3,6] 
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Nomada flavopicta (Kirby, 1802) Apidae [3] 
Nomada fucata Panzer, 1798  Apidae [1,3,6] 
Nomada fulvicornis Fabricius, 1793 Apidae [1,6] 
Nomada fuscicornis Nylander, 1848 Apidae [6] 
Nomada goodeniana (Kirby, 1802) Apidae [6] 
Nomada lathburiana (Kirby, 1802)  Apidae [2,3,6] 
Nomada leucophthalma (Kirby, 1802)  Apidae [3] 
Nomada marshamella (Kirby, 1802) Apidae [1,3] 
Nomada obscura Zetterstedt, 1838 Apidae [6] 
Nomada panzeri Lepeletier, 1841  Apidae [2,6] 
Nomada rufipes Fabricius, 1793 Apidae [6] 
Nomada sexfasciata Panzer, 1799  Apidae [3] 
Nomada sheppardana (Kirby, 1802) Apidae [6] 
Nomada signata Jurine, 1807  Apidae [3] 
Nomada succincta Panzer, 1798 Apidae [1,3] 
Nomada zonata Panzer, 1798 Apidae [1] 
Osmia aurulenta (Panzer, 1799)  Megachilidae [3,4] 
Osmia bicolor (Schrank, 1781)  Megachilidae [1,3,4] 
Osmia bicornis (Linnaeus, 1758) Megachilidae [1,3] 
Osmia brevicornis (Fabricius, 1798)  Megachilidae [3] 
Osmia caerulescens (Linnaeus, 1758) Megachilidae [6] 
Osmia gallarum Spinola, 1808  Megachilidae [3,6] 
Osmia rufohirta Latreille, 1811 Megachilidae [3] 
Osmia spinulosa (Kirby, 1802)  Megachilidae [3,5] 
Panurgus calcaratus (Scopoli, 1763) Andrenidae [1,5,6] 
Rhophitoides canus (Eversmann, 1852) Halictidae [5] 
Sphecodes albilabris (Fabricius, 1793)  Halictidae [1,3,6] 
Sphecodes crassus Thomson, 1870  Halictidae [1,2,6] 
Sphecodes cristatus Hagens, 1882 Halictidae [6] 
Sphecodes ephippius (Linnaeus, 1767) Halictidae [1,5,6] 
Sphecodes ferruginatus Hagens, 1882 Halictidae [1] 
Sphecodes geoffrellus (Kırby, 1802) Halictidae [1,6] 
Sphecodes gibbus (Linnaeus, 1758) Halictidae [1,5,6] 
Sphecodes longulus Hagens, 1882 Halictidae [1,6] 
Sphecodes marginatus Hagens, 1882  Halictidae [2] 
Sphecodes miniatus Hagens, 1882 Halictidae [1,2,5,6] 
Sphecodes monilicornis (Kirby, 1802) Halictidae [1,2,5,6] 
Sphecodes niger Hagens, 1874  Halictidae [1] 
Sphecodes pellucidus Smith, 1845 Halictidae [1,6] 
Sphecodes puncticeps Thomson, 1870 Halictidae [1,6] 
Sphecodes reticulatus Thomson, 1870 Halictidae [1,6] 
Sphecodes rufiventris (Panzer, 1798) Halictidae [6] 
Stelis odontopyga Noskiewicz, 1925  Megachilidae [3] 
Stelis ornatula (Klug, 1807) Megachilidae [1] 
Tetraloniella dentata (Germar, 1839) Apidae [5] 
Trachusa byssina (Panzer, 1804)  Megachilidae [3] 
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Table 3: Species List for gravel pit Obermayr. The record type refers to the mode of 
documentation (o = observation, p = photo-documentation, b = barcoding of voucher specimen, 
ext = external data from M. Bräu), the record ID gives the GenBank or Biodiversiy Workbench 
accession numbers for barcoded or photographic vouchers, lecty describes the foraging 
preference and nest site preference whether a bee builds its nest below or above the surface or is 
parasitic. Species where determination was not sure on the photograph are printed in grey.  
Species record 
type 
record ID  lecty nest site 
preference 
Andrena bicolor Fabricius, 1775  o observation on 
28.03.2017 
polylectic ground 
Andrena chrysosceles (Kirby, 1802) p KGO-00099 polylectic ground 
Andrena dorsata (Kirby, 1802) ext M.Bräu, 
21.04.2016 
polylectic ground 
Andrena flavipes Panzer, 1798 ext, p M.Bräu, 
21.04.2016 
KGO-00028 
polylectic ground 
Andrena gravida Imhoff, 1832  p KGO-00097 polylectic ground 
Andrena haemorrhoa (Fabricius, 
1781) 
p KGO-00084 polylectic ground 
Andrena vaga Panzer, 1799  ext, p M.Bräu, n.d. 
KGO-00096 
KGO-00106 
oligolectic ground 
Andrena viridescens Viereck, 1916 ext M.Bräu, 
21.04.2016 
oligolectic ground 
Anthidium manicatum (Linnaeus, 
1758)  
p KGO-00035 polylectic above 
Anthidium oblongatum (Illiger, 
1806)  
p KGO-00014 polylectic above 
Anthidium punctatum Latreille, 
1809 
p KGO-00073 polylectic above 
Bombus hortorum (Linnaeus, 1761) p KGO-00082 polylectic above and 
ground 
Bombus hypnorum (Linnaeus, 
1758)  
p KGO-00074 polylectic above 
Bombus lapidarius (Linnaeus, 
1758) 
p KGO-00069 
KGO-00100 
polylectic above and 
ground 
Bombus lucorum (Linnaeus, 1761) p KGO-00065 polylectic ground 
Bombus pascuorum (Scopoli, 1763) p KGO-00067 polylectic above and 
ground 
Bombus pratorum (Linnaeus, 1761)  o observed 
28.03.2017 
polylectic above 
Bombus rupestris(Fabricius, 1793) p KGO-00070 parasitic parasitic 
Bombus sylvarum (Linnaeus, 1761) p KGO-00002 
KGO-00068 
polylectic above and 
ground 
Bombus terrestris (Linnaeus, 1758) p KGO-00079 polylectic ground 
Bombus vestalis (Geoffroy, 1785) ext, p M.Bräu, 
21.04.2016 
KGO-00101 
parasitic parasitic 
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Coelioxys elongata Lepeletier, 
1841 
p KGO-00080 
 
parasitic parasitic 
Colletes cunicularius (Linnaeus, 
1761)  
ext, p M.Bräu, n.d. 
KGO-00107 
polylectic ground 
Colletes daviesanus Smith, 1846 o observed 
14.08.2017 
oligolectic ground 
Halictus eurygnathus Blüthgen, 
1931 
p KGO-00022 
KGO-00034 
polylectic ground 
Halictus rubicundus (Christ, 1791)  p KGO-00103 polylectic ground 
Halictus scabiosae (Rossi, 1790)  p KGO-00006 polylectic ground 
Halictus subauratus (Rossi, 1792)  b MG792004 polylectic ground 
Halictus tumulorum (Linnaeus, 
1758) 
b MG792009 polylectic ground 
Hylaeus cf. nigritus (Kirby, 1802)  p KGO-00039 polylectic above 
Hylaeus communis Nylander, 1852 p KGO-00027 
KGO-00050 
KGO-00052 
polylectic above 
Lasioglossum laticeps (Schenck, 
1869)  
b MG791965  
MG791966 
MG791967 
polylectic ground 
Lasioglossum leucozonium 
(Schrank, 1781) 
b MG791993 
MG791991 
polylectic ground 
Lasioglossum morio (Fabricius, 
1793)  
b MG791969 
MG791970 
MG791971 
MG791972 
polylectic ground 
Lasioglossum pauxillum (Schenck, 
1853)  
b, ext M.Bräu, 
21.04.2016, and 
20.5.2016 
MG791980 
MG791981 
MG791983 
polylectic ground 
Megachile cf. versicolor Smith, 
1844 
p KGO-00021 polylectic above 
Megachile willughbiella (Kirby, 
1802)  
p KGO-00036 
KGO-00037 
polylectic above and 
ground 
Nomada flavoguttata (Kirby, 1802)  ext M.Bräu, 
21.04.2016 
parasitic parasitic 
Nomada goodeniana(Kirby, 1802) ext M.Bräu, 
21.04.2016 
parasitic parasitic 
Nomada lathburiana (Kirby, 1802)  ext M.Bräu, 
21.04.2016 
parasitic parasitic 
Osmia aurulenta (Panzer, 1799)  ext, p M.Bräu, 
20.05.2016 
KGO-00071 
KGO-00104 
polylectic above 
Osmia bicolor (Schrank, 1781)  p KGO-00105 polylectic above 
Osmia spinulosa (Kirby, 1802)  p KGO-00072 oligolectic above 
Sphecodes crassus Thomson, 1870  b MG845959 parasitic parasitic 
Sphecodes ephippius (Linnaeus, 
1767) 
ext M.Bräu, 
21.04.2016 
parasitic parasitic 
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Sphecodes gibbus (Linnaeus, 1758) ext M.Bräu, 
21.04.2016 
parasitic parasitic 
Sphecodes monilicornis (Kirby, 
1802) 
ext M.Bräu, 
21.04.2016 
parasitic parasitic 
Sphecodes puncticeps Thomson, 
1870 
b MG 845968 parasitic parasitic 
 
Table 4: Species features for photo-documentation. This list is not attempting to be 
comprehensive and must be adapted depending on time and region of the monitoring and should 
be in accordance with the respective identification keys. 
General features:  
Overview photograph from 
top, side and bottom 
 
size, colors, body shape 
 
Frontal view of the face shape, colors, hairs, mandibles, clypeus, labrum 
Details of thorax from above sculpturation of scutum and potential rugosity of 
propodeum  
Detail of abdomen from above tergite bands and sculpturation 
For females:  
Pollen brush or scopae with 
flocci 
color(s), extension 
For males:  
Sternites spines, shape of last sternite 
Additional genus-specific 
features: 
 
Andrena males: 
 
frontal and side view of the head, detail of antennae (front 
view) and mandibules 
Anthophora males: mid-tarsi and mid-basitarsi, hind tibiae and basitarsi 
Bombus females: sternite 6, head in front and side view, hind tibiae and 
basitarsi 
Bombus males: detail of antennae, hind tibiae and basitarsi 
Chelostoma males: sternites 2 and 4 
Coelioxys females: tergite 6 and sternites 5 and 6, mandibules 
Coelioxys males: tergite 5 edges and sternite 4, mandibules 
Colletes females: hind margin of tergite 1, back of thorax, dorsal fringe of 
hind tibiae, galeae, clypeus 
Colletes males: sternite 6, galeae 
Hylaeus: frontal face and antennal view, pronotal collar, presence or 
absence of lateral hair fringes on the first tergites 
additionally for males: mandibles and labrum 
Megachile females:  tergite 6 in sideview, tibiae, basitarsi 
Megachile males:  front tarsi, front coxae, tip of antennae 
Nomada: frontal and side view of head, labrum and tip of mandibles, 
detail of antennae, detail of hind femora and tibiae (esp. 
inner sides) 
Osmia: spurs of hind tibiae, shape of sternite 6, antennae, clypaeus 
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Figure Captions 
Figure  1: The study site “Kiesgrube Obermayr” (modified from 
https://www.google.de/maps/@48.1462044,11.7084456,606m/data=!3m1!1e3, last accessed 19 
Feb. 2019) 
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Figure 2: Picture plate of an Anthidium manicatum female: A) Lateral view; B) Dorsal view; C) 
Ventral view; D) Detail face and front legs; E) Detail wings; F) Thorax and abdomen pattern. 
Images A-E: individual immobilized by chilling. F: recovering from paralyzation. Square grid = 
1 mm. All photographs by M. Hofmann. 
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BEE DIVERSITY IN MUNICH 
 
At least 565 species of wild bees have been recorded from Germany since about 1800 
(Westrich 2018) of which 506 (90%) occur in Bavaria (Mandery et al. 2003a). Of these 506 
species, 40 are considered locally extinct and 79 threatened by extinction (Mandery et al. 
2003b). For the city of Munich, 324 species have been recorded since 1795, of which 58 have 
not been re-collected since 1919 and thus may be extinct with the city perimeter. Another 22 
have not been seen in the last 50 years (chapter 4). As far as I was able to ascertain, 244 
species have been recorded for the city area of Munich since 1969, of which I found 142 
species (58%) at one or more of my study areas. In the cause of this research, I submitted 183 
Cytochrome c Oxidase subunit 1 sequences to GenBank (https://www.ncbi.nlm.nih.gov/ 
genbank), each linked to a voucher in the Zoological Collections in Munich 
(https://www.zsm.mwn.de), and uploaded 390 photo vouchers at the Diversity Workbench 
server of the Bavarian Natural History Collections 
(https://diversityworkbench.net/Portal/Diversity_Workbench). I also collected and needled 
266 specimens, all deposited in the Zoological Collections. Lastly, 84 plant specimens were 
collected and deposited in the Munich Botanical Collections 
(http://www.botanischestaatssammlung.de) as part of my research.  
Diversity hotspots were the Munich Botanical Garden (21 ha) with 105 species, and 
the Allacher Lohwald site (150 ha) with 81 species. By comparison, the renatured gravel pit 
Obermayr (18 ha) in the east of Munich had only 48 species, 54% of them ground-nesting 
(chapter 8), pointing to its suitability for wild bees in terms of nesting sites. The increased 
percentage of sealed surfaces in cities reduces the nesting space for ground-nesting wild bees, 
which is thought to pose severe problems for the 369 (i.e. 50% of 745) bee species in 
Germany, Austria and Switzerland that nest in self-burrowed tunnels in the ground.  In 
addition, 143 species nest in hollow spaces either aboveground or belowground (Zurbuchen 
and Müller 2012, p. 57; Westrich 2018) and may also experience a lack of nesting sites, but 
few data on this topic are available.  
 Several mostly thermophilic species have been recorded for Munich only since the 
2000s. For instance, Osmia cornuta, a Mediterranean species that nests in sun-exposed loess 
and clay walls (Scheuchl and Willner 2016) was first recorded for Munich in 2010, but has 
now established a large breeding population in the Munich Botanical Garden at sun-exposed 
wooden nesting aids (>100 individuals). Halictus scabiosae, a distinctly thermophilic species 
(Westrich 2018) was first seen in Munich 2016, also in the Botanical Garden, and has since 
then been recorded multiple times in the entire city area. Its spread started in the 21
st
 century 
and has also been described for other regions, including Hesse, Thuringia, and Saxony 
(Frommer and Flügel 2005; Burger and Frommer 2010). Due to its increasing commonness 
and distinct look, which allows its ready identification in the field, Halictus scabiosae was the 
“Wildbiene des Jahres 2018”, i.e., the wild bee of the year 2018 
(https://www.nabu.de/news/2017/12/23600.html, last accessed 22 Sep. 2018).  
Another thermophilic new species for Munich that I was able to make during this 
study is the rare Anthophora bimaculata, which I saw in the Botanical Garden in its sleeping 
position on a blade of grass in the heath area. This species had never been registered for the 
Munich area before. Its habitat requirements --dry, warm locations with sand or clay for 
digging the nests-- may be limiting its expansion (Westrich 2018). The spread of yet another 
new species for Munich since 2004, Hoplitis adunca, can be explained by the geographic 
expansion of its pollen source, species in the genus Echium. The viper´s bugloss, E. vulgare, 
is currently expanding its range on Germany as winters become shorter and temperatures 
warmer, and with it, the number of records for H. adunca has also been increasing. Last year, 
2018, I could observe a further new species for the Munich Botanical Garden, Colletes 
hederae. This late-flying bee appears in mid-August and was only been described in 1993 
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(Schmidt and Westrich 1993). It has expanded northwards within the last ten years 
(Hopfenmüller 2014). All these new records of thermophilic species reflect a change in the 
community composition towards warm-loving species caused by warmer temperatures over 
the last years. This effect is particularly visible in urban habitats, as these are generally 
warmer than adjoining rural areas, which is referred to as the urban heat island effect (Myrup 
1969). As winters are shorter (in Munich chill days with temperatures below 5°C have 
decreased by 7.3 days per decade, Zohner and Renner 2014, Figure S2), bee species from 
warmer areas have higher probabilities to sustain the winter.  
 In contrast to these new finds (of species that appear to expanding their ranges), I 
could not find several other species that had been present at my study sites 20 years ago, 
despite targeted search efforts. An example is Andrena rufizona Imhoff, 1834, which had one 
of its largest known populations in Germany in the Allacher Lohe before the marshalling yard 
was built, but was reduced from about 20 breeding females to one female and several males 
by 1999 (Schuberth 2000). The last sighting of this species was in 2002 (J. Schuberth, 
Munich, personal communication, 2019). 
 Despite such losses, greenspace-rich urban areas, such as Munich, can support high 
numbers of wild bee species as long as conservation measures are undertaken to increase the 
bees´ nesting and foraging opportunities to maintain self-sustaining populations. In my view, 
this will only be achieved, however, if conservation goals in urban landscapes change from 
solely public education-oriented to active floral and faunal preservation measures, a topic 
taken up in the next section.  
 
 
URBAN BEE DIVERSITY AND NOVEL BEE HABITATS 
 
For a long time, nature protection in urban spaces has focused on environmental 
education, the raising of the public’s awareness of the plight of nature, and on fundraising, as 
cities have high densities of humans, many of them affluent and well educated (McCleery 
2014). City kids are thought to become increasingly disconnected from nature due to a lack of 
opportunities for experiencing the natural world. This can be overcome by offering outdoor 
activities and learning opportunities. For example, a six-week-long project about bird-feeding 
and monitoring on the school grounds of eight primary schools in Brighton and Hove (UK) 
increased the children´s awareness of local biodiversity as well as their bird identification 
skills (White et al. 2018). Interest in urban wildlife, however, is also increasing in the field of 
ecology (cf. introduction of this dissertation), and research collaborations have formed, such 
as the Urban Wildlife Information Network (UWIN), which aims to systematically collect 
long-term data sets in several cities on multiple species (Magle et al. 2019).  
 An emerging field in urban biodiversity research is the study of green roofs (reviewed 
in Bowler et al. 2010, and Blank et al. 2013), which are now mandatory on flat-topped 
buildings in Switzerland and a few other European countries, and which are supported by 
citizen incentives in the USA (Brenneisen 2006, Stutz 2010). Most green roofs fall in the 
category of extensive green roofs, which only have a thin layer of soil (5-15 cm) and have 
little or no maintenance costs because of robust roof top vegetation, while only a few are 
intensive green roofs that have a soil layer of at least 15 cm and require regular garden care 
(Mann 1994). Besides positive effects of green roofs due to storm-water management (Getter 
and Rowe 2008, Berndtsson 2010), moderation of the urban heat island effect (Takebayashi 
and Moriyama 2007, Tabares-Velasco et al. 2012), and lower building temperatures 
(Oberndorfer et al. 2007), they also constitute mostly undisturbed wildlife habitats with low 
pesticide loads (for reviews, see Fernandez-Canero and Gonzalez-Redondo 2010, Williams et 
al. 2014, and Gonsalves 2016). There are reports of 236 species of wild bees on green roofs 
worldwide (chapter 7). The longest species list exists for Zurich, Switzerland, where 126 
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species were registered on green roofs (Braaker et al. 2014), showing the importance of this 
habitat for wild bees. The bees found on green roofs are mostly thermophilic and adapted to 
dry conditions, as the microclimate on green roofs is often times hot and dry (literature 
summarized in Hofmann and Renner 2018; chapter 7). These conditions lead to a low plant 
diversity, which then again influences the wild bee species composition. Oligolectic species 
are underrepresented on green roofs, as suitable foraging plants are often missing, while the 
highest bee diversity and abundance are found on intensive green roofs with high plant 
species numbers. Due to thin substrate layers on green roofs, the wild bee communities have a 
high proportion of cavity-nesting species and low numbers of ground-nesting bees (Tonietto 
et al. 2011, Ksiazek et al. 2014, Kratschmer 2015). Although there are reports of wild bees 
nesting on green roofs, my review of the literature (chapter 7) showed that there is a lack of 
data about their realized reproductive success, which is crucial for judging the value of such a 
new habitat for bee conservation. Another aspect that needs further research is the question of 
the contribution of green roofs to habitat connectivity. So far, only one study has provided 
data supporting that green roofs can contribute to linking habitats by being stepping stones 
between urban greenspaces separated by built-up sites (Braaker et al. 2014, 2017). Whilst I 
was originally hoping to investigate bees on green roofs in Munich-Pasing, this proofed to be 
logistically too challenging, and I therefore ended up not pursuing this project idea. 
 Another possibility of connecting habitats within urban areas, which are often isolated 
by buildings and impervious surfaces in the urban landscape, is roadside vegetation. 
However, if this is mown frequently, its attractiveness for pollinators is low. A conservation 
measure for improving such sites is the establishment of flower strips. Flower strips are man-
made patches of flowering plants that provide foraging resources for flower-visiting insects, 
especially bees, butterflies, and flies (e.g. Haenke et al. 2009), as well as retreat possibilities, 
shelter and overwintering space for many taxa (Haaland et al. 2011). Monitoring and 
experiments in the rural landscape have shown that such strips enhance the local plant and 
insect diversity (e.g. Kirmer and Tischew 2014, Schmid-Egger and Witt 2014, Scheper et al. 
2015, Dicks et al. 2017 review 80 studies of flower strips), but conservation agencies have 
only just started to establish flower strips also in urban areas. While pest control and enhanced 
yield of insect-pollinated crops are the major goals of flower strips in the agricultural context 
(e.g. Tschumi et al. 2016), the conservation of pollinators and an increase in plant and insect 
diversity are the major goals of such strips in cities, with increased insect diversity then 
benefitting other animals, including birds.  
My study of the catchment area of One-to-two-year-old flower strips in the city of 
Munich revealed that most species found on the flower strips are also found within a radius of 
about 1500 m around the flower strip (chapter 6). As one would have expected, most of the 
bee species I recorded at the flower strips were common species that in Germany are not 
threatened (Westrich et al. 2011).  A large proportion are polylectic, and the few oligolectic 
species were mostly specialized on Asteraceae pollen. The foraging preferences in the all-
Munich species pool of 165 polylectic, 72 oligolectic and 87 parasitic species compared to the 
43 polylectic, 10 oligolectic and 15 parasitic species found on the flower strips did not differ 
significantly, however, showing that a species-rich flower strip can support a large number of 
species even if they are specialized on the pollen of particular plants. Especially strips with 
plants flowering over a long period of time have a high conservation value (Scheper et al. 
2015), and this can be achieved by a suitable species mix and mowing regime. The numbers 
of bee species on the flower strips are probably increasing with time, but my sample size was 
too low for statistical testing; nevertheless, the flower strip at Fockensteinstraße established in 
2015 showed the highest bee diversity compared to the eight flower strips sown in 2017. An 
increase in bee diversity over time would be in line with the results of Freyer and colleagues 
(2010) who suggested that flower strips should be composed of annual and perennial plants 
and be left growing for at least three years. 
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Since flower strips only provide food resources, but not nesting sites, their success 
partly depends on their distance from suitable nesting sites. Habitat connectivity, which is 
increased by both flower strips or green roofs, is required to maintain bee populations due to 
the relatively low flight distances of wild bees, a topic that I addressed experimentally. There 
are at least four ways to study bee flight distances, including radio-transmitters (e.g. Carreck 
et al. 1999), genetic markers (Chapman et al. 2003, Knight et al. 2005), translocation 
experiments (Gathmann and Tscharntke 2002) or mark-recapture/mark-reobserve studies 
(Zurbuchen et al. 2010a,b), which each introduce a different bias, making the comparison of 
studies with different approaches problematic. With translocation experiments, where bees are 
removed from their nest and released at different distances from the nest, foraging distances 
are likely overestimated, as a returning bee covers the distance back to the nest only once, 
while for foraging, the distance would be covered twice. In mark-recapture-studies, on the 
other hand, the probability to find a bee at higher distances from the nest decreases because of 
the squared increase in the surface to be searched, leading to a likely underestimation of flight 
distances. The experimental approach I took is described in the next section. By tagging 2689 
bee individuals (1808 females and 881 males) belonging to six small-bodied species and 
using a mark-release-observe approach in a habitat with a homogenous flower cover all year 
long, namely the Munich Botanical Garden, I was able to show that average flight distances in 
the studied Megachilidae species (a) follow the body size-flight distance correlation found in 
previous studies (Gathmann and Tscharntke 2002, Greenleaf et al. 2007) and (b) are below 
150 m (chapter 5), making this distance a rule of thumb for planning greening measures.  
 
 
METHODOLOGICAL INNOVATIONS 
 
 For this doctoral research, the Munich Botanical Garden was an ideal study site as it 
has a high floral coverage all season long and well-established bee populations. Moreover, 
with on average 1000 visitors per day between April and September it has a high potential for 
citizen science projects. Citizen science means involving lay people in the gathering of 
scientific data. In the case of my flight distance study (chapter 5), the visitors of the Botanical 
Garden were asked to record the location of a tagged bee (see color photos of Figure 1 in 
chapter 5), which added additional survey hours and resulted in over 150 additional sighting 
data points for the analysis. As the visitor paths through the garden are leading to all large 
flower beds, it is probable that the garden was well ‘covered’ by observations. Visitors of the 
Botanical Garden often focus on flowers (often photographing them), thus they were likely to 
notice the individually-marked wild bees with the colorful dots on their thoraxes. My study 
approach with the individually numbered bees required no special taxonomic knowledge, and 
by reporting sightings either via GPS (for instance when this information was stored along the 
photograph on a smartphone) or by marking the location on a garden plan handed out to 
visitors, most of the foraging distances reported by garden visitors could be included in the 
total pool of data.  
 From a methodological point of view, the Munich Botanical Garden presented another 
advantage for studying wild bees, having been established at its current location between 
1912 and 1914 (it opened on 10 May 1914), it includes highly stable habitats with flower and 
bee populations that appear to have persisted for many years. Although the floral composition 
is artificial and contains a lot of non-native species, it guarantees a large number of foraging 
resources for bees all season long, without the application of pesticides in amounts typical for 
agricultural landscapes. Based on an assessment of the wild bee fauna 1997/98 (Bembé et al. 
2001), I could compare the 2017/2018 species composition with the bee fauna 20 years ago. 
By excluding changes in floral resources, changes habitat structure (fragmentation), as well as 
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the use of agrochemicals, I was able to correlate shifts in the species spectrum with changes in 
the climate. No other environmental parameter at the study site matches the directionally 
increase in warm-loving species (described above in chapter 3). Such an observation is only 
possible at a study site with constant conditions over a long period of time.  
Advances in electronic data storage allow new approaches for documenting bee 
species. Instead of collecting physical voucher specimen by killing the animals and storing 
them in museums and zoological collections, close-up macro-photography pictures taken in-
situ can be stored on servers and then can be accessed worldwide. This allows researchers to 
check the identification of vouchers without the need of visiting the physical specimen, saving 
money and time and enabling cooperation over large distances. Such a photo-documentation-
approach, of course, only works in specimens and species with a sufficient number of features 
that can be seen from the outside. This is true for many Megachilidae, but not for species for 
which genital preparations or fine microstructural features are required for identification. 
Such are, for instance, needed in the wild bee genera Sphecodes, Lasioglossum and Halictus, 
but also in certain groups of Andrena, Nomada or Bombus. For the wild bees occurring in 
Bavaria, however, macro-photographical identification is feasible for most genera, although 
taxonomic experience is necessary to be able to recognize bee sex and genus in the field. 
Also, different features need to be photographed in males and females and in the different 
genera. 
To achieve high-resolution pictures from all sides of the specimen, I needed to 
immobilize the bees, which I did via chill anesthesia by catching the individual and keeping it 
in a small vial on ice for a few minutes. Depending on the species, its flight season, and its 
size, the cooling and also the warm-up phase will take more or less time. Generally, small 
individuals (< 7 mm) loose the rigor of cold after about a minute, leaving little time to get all 
details documented. This is problematic, because one cannot get back to the specimen once it 
has warmed up and has flown away, so one needs to know all the features needed for 
identification and also needs to be fast enough to document these. Additionally, the 
production of a photo voucher in-situ takes longer than the collection of a specimen in the 
field, limiting the area that can be assessed in a certain time using this method. Another 
limitation to the photo-based identification of bee females is that individuals with pollen load 
usually cannot be identified, as the pollen generally obscures the color of the scopae, which 
often is an important identification feature. On the other hand, an advantage of photo 
documentation over a physical specimen is that the colors do not fade over time and that 
additional information, for example, pictures of the food plants or the habitat, can be linked 
with the voucher photos more easily than with needled specimen.     
 Although photo-documentation cannot replace voucher collection, it is a great way of 
non-invasive biodiversity documentation, which is becoming increasingly important in times 
of drastic decreases in many insect taxa worldwide (Sánchez-Bayo and Wyckhuys 2019). The 
increased public interest in wild bees requires approaches that do not involve unnecessary 
killing of insects, that increase the acceptance of biodiversity research in public, and that 
motivate people to get involved in scientific data collection. Expert-labeled images in 
database are also the sine qua non for machine learning and computer-based future 
identification methods via computer vision.  Lastly, studying bees in the wild via photo-
documentation allows the documentation of behavioral patterns and linking those to photo vouchers. 
For instance, I was able to observe the copulation of Nomada flavoguttata (chapter 9), which had 
never been reported before, and could document this behavior via macro-photography. The males grab 
the females’ antennae with their antennae, probably for chemical signal transfer, as glands are seen in 
histological thin sections of the male antennae. Similar behaviors are also seen in other wild bee 
species: In Osmia cornuta, males in copula position rhythmically move their antennae, but do not 
touch the females’ antennae (Felicioli et al. 1998), suggesting that volatile, not liquid, pheromones are 
applied onto the females. In Megachile and Xylocopa, by contrast, males bring their modified fore or 
middle leg basitarsus in contact with the female flagellae (Wittmann and Blochtein 1995, Wittmann et 
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al. 2004), pointing to the transfer of pheromones from tarsal glands. In males of Anthophora plumipes, 
finally, sexual pheromones produced in abdominal glands are transferred with the hind legs to 
specialized setae of the elongate middle legs that then brush them onto the females’ antennae 
(Wittmann et al. 2004).  
      
       
FACTORS INFLUENCING THE BEE SPECIES COMPOSITION 
 
 The observation methods described above in combination with a statistical analysis of 
historic and current data on wild bees for both Munich and all of Germany revealed several 
factors influencing local faunas. Hierarchical Bayesian Models showed that extinction risk in 
German wild bees is best explained by a species´ habitat preferences and its flight time. 
Species with narrow habitat preferences (defined as occurrence in one or two of the six 
habitats forests and heaths; meadows; hedgerows; wasteland and nutrient-poor sites; raw-soil 
sites with little vegetation, such as sand dunes, heathland, steppes, and sand or gravel pits; or 
urban areas, including gardens and parks) are more threatened than habitat generalists 
(defined as species occuring in three to six of these habitats), and species adapted to urban 
habitats, and species flying in spring are less threatened than late-flying summer species 
(chapter 2). While specialist bees (both habitat and foraging specialists) have for long been 
considered more threatened than generalists due to their dependence on a particular resource 
(e.g. Scheper et al. 2014), the increased threat of late-flying bees to my knowledge had not 
been demonstrated before and is not so easily explained. It is most likely linked to the sparse 
flower availability in the summer months, as mass-flowering crops are not in bloom anymore 
and meadows are cut, while in the spring fruit trees are flowering and meadows are not mown 
jet. This is a factor particularly important for rural areas, where large parts of the habitat are 
determined by the agricultural planting and harvesting regime. In cities, on the other hand, 
biomass production may not fluctuate as much with the seasons. Urban habitats are often 
flower-rich throughout the year as gardens and balconies are maintained blooming for 
aesthetic reasons.  
If food scarcity in rural areas is a problem contributing to the high exinction risk of 
summer-flying bee species, as suggested by my German-wide statistical analysis (chapter 2), 
one would expect that spring- and summer-flying bee species in urban areas would not differ 
from each other in their extinction probabilities. To test this, I used three urban managed 
greenspaces for which bee diversity assessment have been made 20 years ago and compared 
those data with today´s species spectrum. At the Allacher Lohe forest and heath, species 
numbers have decreased from 135 species in the 1990s to 80 in 2018, while the numbers for 
the Virginia Depot have increased from 32 to 44, and those from the Munich Botanical 
Garden from 78 to 106 over essentially the same 20-year period (which points to climate 
change as a driver; below). At the Allacher Lohe, there were severe construction works by 
building and operating the marshalling yard since 1988, impacting habitat layout and 
connectivity. At the Virginia Depot, in contrast, which was long off-limits to public due to its 
military use and is nowadays maintained by experts from the Landesbund für Vogelschutz 
(LBV), a high floral diversity with little distraction has increased the value of this inner-city 
biotope.  
As shown in the study that forms chapter 3 of this thesis, the Munich Botanical Garden 
can be considered as having been constant in its floral and nesting resources for bees since 
1914, as layout and species composition have remained virtually unchanged. This allowed me 
to disentangle floristic changes from climate change, specifically shorter winters and 
increasing temperatures in spring and summer, as the possible explanations for the increase in 
warm-loving bee species over the past 20 years. Although the factors floral resources, nesting 
sites, and warmer temperatures are normally not easily separated, the comparison of the 
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different study sites examined in this study (as summarized in Table 2 in chapter 1) points 
towards the positive effect of warmer temperatures per se for wild bee species diversity in 
Munich. Warming was similar for the Allacher Lohe, the Virginia Depot and the Munich 
Botanical Garden over the last 20 years, whereas the development of floral and nesting 
resources at the three sites has been different. While the Virginia Depot has increased in plant 
richness and variable nesting locations for wild bees due to the habitat enhancement measures 
by the Landesbund für Vogelschutz, the Botanical Garden has stayed constant in these 
aspects, and the Allacher Lohe has lost floral and nesting resources due to the construction of 
the marshalling yard (see Table 2 in chapter 1). Comparing this with the detected species 
diversity changes (increased species numbers at both the Botanical Garden and the Virginia 
Depot and a decreased number at the Allacher Lohe) shows that wild bee species can indeed 
be supported by increasing the diversity and blooming time of plant species and making 
available different nesting sites (and nest building materials). However, when flower diversity 
remains unchanged (as in a botanical garden), warmer temperatures support more wild bees, 
as I found by comparing the Munich Botanical Garden’s bee diversity in 1997 with that in 
2017 (chapter 3).  
The finding that flight season does not explain bee species extinction (absence) or 
persistence at the three study sites over the last 20 years indicates sufficient food supply 
throughout the season for the studied sites (cf. Grimm et al. 2008). However, flower richness 
and nesting resources, not any climate warming, are the only plausible parameters explaining 
the high numbers of wild bee species at the one-to-two-year-old flower strips: The 68 species 
recorded during the flower strips’ first season represent 21% of the 324 species ever recorded 
for Munich and 29% of the 232 species recorded between 1997 and 2017.  
Taken together, the results of this doctoral work highlight the importance of protected 
urban sites for bee conservation. Such areas apparently can sustain a high diversity of bees 
over a long time (at least 20 years, see chapter 4). By contrast, bees occurring in German 
agricultural areas and even in protected sites within agricultural areas are decreasing 
(Hallmann et al. 2017, Seibold et al. 2019, Hofmann et al. 2019, chapter 2). Additionally, 
sites with initially low attractiveness for wild bees can be enhanced by greening measures like 
the establishment of flower strips. 
 
 
FUTURE RESEARCH QUESTIONS AND PROSPECTS 
 
During times of habitat fragmentation and biodiversity loss, urban habitats are 
becoming an important wildlife refuge. This has been recognized with a resolution of the 9th 
UN Conference of the Parties to the Convention on Biological Diversity, which states that 
urban space will play a role in reaching the goals of the convention and therefore, their 
involvement in biodiversity conservation needs to be promoted. Although the number of 
publications about biodiversity in cities reached over 600 already by 2008 (Werner and 
Zahner 2009), many questions remain unsolved. Thus, little is known about how the different 
factors influencing city environments interact. To apply successful protection measures for 
animals and plants, researchers and political decision makers need to work together and adapt 
conservation measures that have worked in rural habitats to the city context. Challenges for 
plant and animal life in the urban environment are large areas of sealed surfaces, high density 
of building complexes, unusual (and heterogeneous) wind, sun, and artificial light conditions, 
and changed rain (water) retention and air moisture. Especially inner cities often have little 
greenspace, making habitat connectivity a main issue in urban planning. Large-scale mark-
release-re-observe experiments are needed to investigate how well such small habitat patches 
are connected and which measures best support migration and exchange of individuals (gene 
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flow), especially in the case of understudied, but highly threatened insects. For such 
personnel-intensive research, an important aspect is the inclusion of interested and motivated 
lay volunteers. This yields an increase in working hours and areal coverage not possible for a 
single researcher (even when assisted by a group of students), while at the same time 
increasing the environmental education of the contributing lay scientists and their families or 
friends, who will learn about the studied organisms while collecting data. This again is likely 
to increase their motivation to contribute to nature conservation via profound and knowledge-
based action as well as donations, being in line with one of the slogans of the International 
Day for Biological Diversity: 
 
“One only protects what one knows”. 
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